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Summary {#efs25495-sec-0001}
=======

The Panel on Biological Hazards initiated a self‐tasking mandate following the requirement of the European Food Safety Authority (EFSA) in order to provide information on the occurrence and control of three parasites that may be transmitted via food, namely *Cryptosporidium* spp., *Toxoplasma gondii*, and *Echinococcus* spp. The diseases caused by these parasites are cryptosporidiosis, toxoplasmosis, and alveolar echinococcosis (AE) and cystic echinococcosis (CE), respectively. The human burden associated with these diseases is substantial.

There are many parasites that may be transmitted via food, but these three parasites have been selected as being the focus of this Opinion due to their recent evaluation as being of particular importance in Europe. Additionally, there are currently no routine controls for these parasites in food. This Opinion is a critical evaluation of the available information on these three parasites, the methodologies for their detection, characterisation and tracing, their occurrence and survival in relevant food matrices, and the importance of food as a vehicle of infection. The Opinion draws conclusions on the four terms of reference requested: (1) to critically review current methods for the detection, identification, characterisation and tracing of the three parasites in foods that may be likely vehicles of infection; (2) to evaluate the available information to determine the relative importance of food‐borne pathways for transmission of the three parasites to humans; (3) to examine the available information on the occurrence and survival of the selected parasites in foods, and consumer habits that contribute to infection; and finally, (4) to evaluate possible control measures along the food chain, from farm to consumption.

A literature search and critical review process were used to gather scientific publications, reports, and official documents relevant for this Opinion. The qualitative evaluations were augmented by the knowledge and expertise of the members of the working group. Information about mandatory notification of these parasites was collected through a questionnaire sent to the members and observers of EFSA\'s Scientific Network for Zoonoses Monitoring Data.

The sources of infection for the three parasites differ widely, and are associated with their distinct lifecycles and specific hosts. In brief, *Cryptosporidium* spp. oocysts are mainly shed in the faeces of infected young animals, particularly ruminants, and humans; these may contaminate food. *T. gondii* oocysts are shed in the faeces of infected felids, particularly kittens, and may also contaminate food; in addition, tissue cysts of *T. gondii* in meat from infected food animals and tachyzoites shed in milk may also be a source of infection. *Echinococcus* eggs are shed in the faeces of infected canids and may contaminate food. According to information obtained from the authorities, reporting of these parasites, in animals, humans and food, varies between Member States, and not all information supplied was found to be accurate by experts in the working group. This means that the extent of infection or contamination based on notification data is not comparable across Europe.

Generally, and even for parasite--food combinations for which techniques have been developed and published, methods for analysing food as a vehicle of infection for these three parasites have not been well established, standardised, or validated. One of the parasites, *T. gondii*, infects host tissue and can be transmitted by consuming meat from infected animals that has not been sufficiently thermally treated. The likelihood that meat animals are infected varies by species and the animal husbandry and management practices. Although methods to identify the parasite in meat have been published, they are largely used for research projects and outbreak investigation; there is no routine inspection at abattoirs to ensure the safety of meat with regards to this parasite. All three parasites can also be transmitted as faecal contaminants via their robust oocyst or egg stages that facilitate environmental transmission (e.g., on fresh produce products that are not cooked before consumption). No standard methods for their detection in all relevant foods have been developed; culture is not a feasible option for routine detection. Although there is an ISO method detection of for *Cryptosporidium* oocysts on fresh produce, it has only been applied to a few product types, and provides no information on species, viability, or infectivity. It is not used for the routine inspection of fresh produce. For *T. gondii* and *Echinococcus* as faecal contaminants, detection methods have not been standardised or validated for routine use.

The incubation period, from infection until manifestation of symptoms, ranges from a few days for *Cryptosporidium* to years or decades for *Echinococcus* spp., This presents challenges and a lack of data when trying to determine the relative importance of food‐borne transmission (vs transmission via other routes, such as water or soil, or directly from other infected people or infected animals). For *Echinococcus*, in particular, relevant data are scarce, and the information available is often derived from expert elicitation studies, with their accompanying uncertainties. Nevertheless, approximately 40--0% of *T. gondii* infections are considered to be food‐borne and approximately 10% of *Cryptosporidium* infections. For *Echinococcus*, the data are uncertain, but range from around 4% to 40% for CE and 12% to 80% for AE.

Data on the occurrence of these three parasites on fresh produce are very limited. For *Cryptosporidium*, for which the most data are available, only six surveys using a reliable method have been conducted and indicate occurrence in 1--70% of samples; most large surveys indicate a contamination rate of around 8%. For *Cryptosporidium*, a large range of hosts may be infected and shed oocysts in their faeces. For *T. gondii* and *Echinococcus* spp., the range of hosts shedding faecal contamination stages is more limited (felids and canids, respectively). Thus, the potential for contamination of fresh produce may be greater for *Cryptosporidium*. Information on the survival of these parasites as contaminants is largely lacking, due to methodological limitations, but the transmission stages of all three parasites are known to be very robust, particularly for *Echinococcus* eggs that can, for example, survive heating to + 65°C for 120 min and freezing at −18°C for several months. Although the oocyst transmission stages of *Cryptosporidium* and *Toxoplasma* are inactivated by pasteurisation, *Cryptosporidium* oocysts survive in moist environments at ambient temperatures for many months and *Toxoplasma* oocysts survive for many months in the environment, including for weeks at freezing temperatures.

There are data on the contamination of molluscan shellfish for both *Cryptosporidium* and *T. gondii,* indicating occurrence rates of 20--40% and 10--20%, respectively. However, the absence of documented transmission of these parasites to humans from eating molluscan shellfish means that the relevance of these occurrence data to food‐borne transmission is unclear.

Generally, consumer preferences for raw, fresh produce may contribute to increasing the likelihood of infection; cooking inactivates all parasite transmission stages. Although omitting to wash fresh produce may contribute to an increased likelihood of ingesting viable parasites, industrialised washing of fresh produce, particularly with the reuse of washwater, may spread localised contamination throughout a batch. Consumer preferences for "ready‐to‐eat" produce may therefore increase the likelihood of ingesting viable parasites. With respect to meat, consumer preferences for animals raised with access to outdoor conditions, for not freezing meat prior to consumption, and for eating meat raw or rare may increase the likelihood of exposure to infective *T. gondii* tissue cysts.

There are many gaps in our knowledge of food‐borne transmission of the three parasites in focus, and acquisition of more and relevant data would assist the definition of targeted control strategies. In order to achieve this, development of robust and reliable methods for the detection of the three parasites on different types of fresh produce is particularly relevant. For *T. gondii,* the development and implementation of an assay that could be used to distinguish between meatborne infection and infection via oocysts would be useful. Methods for the assessment of viability and infectivity of the three parasites should be developed and validated for use in survival studies to evaluate the efficacy of particular food treatment conditions and disinfectants. Documentation of the fresh‐produce supply chain, would improve knowledge of how, when, and where contamination occurs. Better knowledge on the spread or removal of contaminant parasites in salad‐processing plants may be particularly relevant. When contamination is detected, determination of its origin is hampered by the lack of suitable molecular markers. Although whole genome sequencing may provide a solution in some circumstances, it is not necessarily appropriate for low numbers of parasites (that are hard to amplify) in a contamination situation; identification of appropriate diagnostic markers and validation for their use would improve our knowledge regarding the sources and routes of contamination and infection. As the food‐borne route may be overlooked (for example, *Cryptosporidium* is more often thought of as a waterborne parasite), public health providers could be encouraged to include questions on food consumption within a relevant time span when investigating cases or outbreaks of infection.

On‐farm measures that reduce the likelihood of contamination may be a more effective control method than post‐harvest interventions. These include: the use of irrigation water of potable or high quality, and, if wastewater is used for irrigation, it being treated sufficiently to inactivate or remove parasite transmission stages; controlling animal access to areas of cultivation; and appropriate storage and application of farm waste. Heat treatment, such as pasteurisation of fruit juice and milk, adequately steaming shellfish and cooking meat thoroughly are all effective at inactivating parasite transmission stages that may be present. The freezing of meat will inactivate *T. gondii* tissue cysts, but the effect of freezing on faecal contaminant transmission stages on fresh produce is less obvious, and *Echinococcus* eggs are particularly resistant to inactivation by freezing. Exclusion from work of food handlers with diarrhoea, including for 48 h after cessation of symptoms, may reduce the likelihood of contamination with infective *Cryptosporidium* oocysts. For *T. gondii*, vaccination of sheep and pigs will reduce persistent infection in these species, and limiting contamination with cat faeces, either by reducing cat populations or restricting their access, may decrease on‐farm contamination.

Control of *Echinococcus granulosus,* the lifecycle of which is based on dogs and livestock, is feasible (and has been demonstrated to be successful) without further research, by a multipronged approach that includes the vaccination of sheep, slaughter supervision, routine anthelmintic treatment of dogs and control of stray dogs. Several control programmes have achieved the elimination or a reduction of transmission of this parasite, and prioritisation and initiation of such actions in targeted areas has the potential to achieve control of this parasite within Europe. For *E. multilocularis*, control is more difficult as the transmission cycle involves wildlife (foxes and rodents). Nevertheless, control or significant reduction of transmission may be achieved in targeted areas (e.g. where there is the potential for close fox--human interaction) by the use of praziquantel bait. However, this requires long‐term commitment and dedicated resources.

These food‐borne parasites, currently considered as being of the highest relevance in Europe, are problematic both clinically and environmentally, presenting challenges for monitoring, prevention, and control. Public health could be benefited by an improved understanding of the role of food‐borne transmission, and the development of assays to understand the routes of that transmission and the efficacy of potential controls.

1. Introduction {#efs25495-sec-0003}
===============

1.1. Background and Terms of Reference as provided by the requestor {#efs25495-sec-0004}
-------------------------------------------------------------------

A plethora of parasites may be transmitted by contaminated food, and criteria for prioritising which parasites should be considered to be of major concern are not always immediately obvious.

Whereas *Taenia solium* infections (cause of cysticercosis and neurocysticercosis, as well as taeniosis) are considered to be of the greatest importance on a global basis (resulting in the greatest number of disability‐adjusted life years (DALYs)), in Europe this parasite is not considered to have a substantial impact, largely due to modernised pig husbandry such that pigs farmed in Europe are unlikely to have access to human excrement.

A Europe‐focused ranking exercise was conducted in 2016 as part of the activities of a COST Action on food‐borne parasites.[1](#efs25495-note-1006){ref-type="fn"} This exercise used multi‐criteria decision analysis, such that the parasite prioritisation was based on multiple aspects that compose the risk, and resulted in the following food‐borne parasites being ranked as being of greatest importance (Bouwknegt et al., [2018](#efs25495-bib-0017){ref-type="ref"}): *Echinococcus multilocularis, Toxoplasma gondii, Trichinella spiralis, Echinococcus granulosus* s.l.*, Cryptosporidium* spp., other *Trichinella* spp. However, distinct regional differences were observed, with *Echinococcus granulosus* s.l. and *Echinococcus multilocularis* considered to be most important in south‐eastern Europe (Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, the former Yugoslav Republic of Macedonia, Greece, Kosovo, Montenegro, Serbia, Slovenia, Turkey), south‐western Europe (Andorra, Italy, Malta, Monaco, Portugal, San Marino, Spain) and eastern Europe (Czechia, Estonia, Hungary, Latvia, Lithuania, Moldova, Poland, Romania, Slovakia); *E. multilocularis* and *Cryptosporidium* were considered to be the most important and second most important, respectively, in northern Europe (Denmark, Finland, Iceland, Norway, Sweden), and *Toxoplasma* and *Cryptosporidium* considered to be the most important and second most important, respectively, in western Europe (Austria, Belgium, France, Germany, Ireland, Liechtenstein, Luxembourg, the Netherlands, Switzerland, United Kingdom). The criterion of probability of a particular parasite becoming established in a particular country led to high rankings for some parasites that currently may be considered of marginal importance in that area; for example, *E. multilocularis* ranking highest in northern Europe, despite not being present in three of the five countries in that region.

Other food‐borne parasites considered to be of importance in Europe include the Anisakidae, *Giardia duodenalis*, and *Toxocara* spp.

Of those parasites judged as being of highest relevance in Europe, *Echinococcus* spp., and *Cryptosporidium* spp. can be transmitted via the food‐borne route as faecal contaminants on fresh produce and potentially on other food such as molluscan shellfish. *Trichinella* spp. is a meatborne parasite, and *Toxoplasma* can be transmitted as both a faecal contaminant (for example, on fresh produce) and from the consumption of inadequately cooked meat from infected animals.

The biology of these different parasites also varies widely. *Cryptosporidium* and *Toxoplasma* are protozoa (as is *G. duodenalis*), *Echinococcus* spp. are cestodes (tapeworms) for which humans may act as aberrant intermediate hosts in the lifecycle, and *Trichinella* spp. (along with the Anisakidae and *Toxocara* spp.) are nematodes.

In addition, there is considerable variation regarding why particular parasites are considered of importance. These reasons are both epidemiological and clinical (prevalence, occurrence of outbreaks, potential clinical severity, etc.) and economic, and, in particular, include: The potential for having a significant clinical impact, despite relatively few cases and no reported outbreaks (e.g., *Echinococcus* spp.);Outbreaks are regularly reported, however the clinical impact per case is relatively low (e.g., *Cryptosporidium* spp.);Outbreaks are rarely reported, but there is a considerable burden of disease from individual cases (e.g., *T. gondii*);There is a considerable economic burden associated with compulsory testing (e.g., *Trichinella* spp.).

This wide variation in how the importance of a particular food‐borne parasite is manifest, reflects and is reflected by the fact that comparison between parasites is particularly difficult.

For example, despite *Echinococcus* spp. being considered to be of importance as a food‐borne parasite in Europe, actual food‐borne transmission is almost impossible to document due to the delay (months; usually years) between human infection and the development of symptoms and diagnosis. Nevertheless, due to the potential severity of infection and the relatively high potential for food to act as a vehicle of infection, they are considered to be important food‐borne parasites. Furthermore, in countries where *Echinococcus* is not currently endemic, considerable efforts and expense are directed towards efforts to keep it out, and proving to EC that it is not there (and thus that there can be derogations from particular rules regarding movement of animals). It is worth noting that outbreaks of food‐borne infection with *Echinococcus* spp. have never been recorded; even individual cases are generally considered unusual in Europe.

Similarly, outbreaks of food‐borne toxoplasmosis have seldom been reported in Europe. The genotypes of *T. gondii* occurring most widely in Europe tend not to cause overt signs of disease except in vulnerable individuals (immunocompromised or in fetuses where the mother has not previously been exposed to infection). However, calculations from the Netherlands indicate that the burden of disease due to this parasite is considerable, due to the potential for high impact effects. Furthermore, the EFSA BIOHAZ Panel identified *T. gondii* as a relevant hazard to be covered by inspection of meat from swine, sheep, goats, farmed deer and wild boar (EFSA BIOHAZ Panel, [2011](#efs25495-bib-0073){ref-type="ref"}, [2013a](#efs25495-bib-0074){ref-type="ref"},[b](#efs25495-bib-0075){ref-type="ref"}).

Much of the economic burden of *Trichinella* spp. in Europe is associated with the requirements for testing and validation of testing capabilities. Nevertheless, some outbreaks are reported and the sequelae can be severe; the EFSA BIOHAZ PANEL identified *Trichinella* spp. as the most relevant biological hazard in the context of meat inspection of domestic solipeds (EFSA BIOHAZ Panel, [2013c](#efs25495-bib-0076){ref-type="ref"}).

Similarly, for the Anisakidae, much of the burden is concerned with testing of fish products and products being held at food inspection due to the presence of larvae in fish (the majority of food contamination by parasites reported in "RASFF -- Food and Feed Safety Alerts" is due to Anisakidae). In addition, there is a poorly defined, but not inconsiderable, burden of illness associated with allergenicity to anisakid antigens in fish (EFSA BIOHAZ Panel, [2010](#efs25495-bib-0072){ref-type="ref"}).

Finally, although cryptosporidiosis is generally associated with acute gastrointestinal symptoms (although serious, life‐threatening disease can develop in severely immunocompromised patients, and there is no licensed specific treatment in the European Union), prolonged gastrointestinal symptoms are commonly reported and there is growing evidence for long‐term sequelae in some cases. Relatively widespread outbreaks associated with contaminated fresh produce have been documented, and smaller, more localised outbreaks that do not become identified as such, let alone make it to reporting and publication stages, are to be expected.

Although these parasites listed represent the tip of the iceberg globally, and are characterised by presenting different challenges and properties, awareness of different parasites within the food industry tends to be low. Furthermore, with the exception of *Trichinella* spp. and, perhaps, Anisakidae, specific controls within food production and processing are generally ill‐defined and/or it is assumed that those controls directed towards removal or inactivation of bacterial pathogens will be effective.

Thus, with the exception of *Trichinella spiralis* and possibly Anisakidae, there is a need to consider the risk of parasites from food, with particular emphasis on: Identifying those foods that are at greatest risk of acting as transmission vehicles to consumers (and, for parasites that may be transmitted by external contamination of food, the foods at greatest risk of contamination), and how these can best be analysed;Processes that may lead to dissemination of the parasite in food resulting in point‐contamination spreading throughout a batch;The geographical distribution of food‐borne cases of parasitic infections and epidemiology;The occurrence and persistence in foods and consumer habits that contribute to infection;Measures that are suitable or appropriate for prevention (of food being an infection risk) and/or control (dealing with food that is an infection risk) for different food types;Optimisation of food‐chain investigations following an outbreak, and general promotion of awareness of parasites in all sectors of the food industry.

Due to the challenges of addressing such a diverse group of pathogens, with different types of implicated foods, different biological and epidemiological characteristics, and different impacts, it is suggested that the focus initially could be on those parasites for which routine testing of food products has not been implemented. This would exclude, among other parasites, *Trichinella* spp., which is classified as being of importance in Europe, but for which standard methods for analysis and identification are in place, and fish‐borne parasites such as the Anisakidae.

However, it would include *Cryptosporidium* spp., *T. gondii*, and *Echinococcus* spp., all of which are considered of importance in Europe.

###  {#efs25495-sec-0005}

#### Terms of Reference {#efs25495-sec-0006}

The Panel on Biological Hazards (BIOHAZ Panel) is requested to issue a scientific Opinion on public health risk associated with parasites as food‐borne pathogens for which routine testing of food products has not been implemented in Europe. In particular, the BIOHAZ Panel is requested: To critically review current methods for the detection, identification, characterisation and tracing of specific, selected food‐borne parasites (*Cryptosporidium* spp., *Toxoplasma gondii*, and *Echinococcus* spp.). with emphasis on methods applicable to foods that are likely to be a potential source of infection;To evaluate available information to determine the relative importance of food‐borne pathways for transmission of the selected parasites to humans;To examine available information on the occurrence and survival of the selected parasites in food and consumer practices contributing to infection;To evaluate possible control measures from farm to consumption.

1.2. Interpretation of the Terms of Reference {#efs25495-sec-0007}
---------------------------------------------

The terms of reference have been interpreted such that for each of the listed parasites, their characteristics (including relevant food vehicles for transmission), methods for detection and characterisation in food, relative importance of food‐borne pathways, occurrence and survival in food, consumer practices that may contribute to food‐borne infection, and current control methods and likely impacts have been described and analysed. Commonalities for all the parasites considered and knowledge gaps are provided separately.

For this assessment, we have used the Food and Agriculture Organization\'s definition of food for the purposes of the Codex Alimentarius (FAO, [2001](#efs25495-bib-0082){ref-type="ref"})[2](#efs25495-note-1007){ref-type="fn"}; thus, in this document 'food' means any substance, whether processed, semi‐processed or raw, which is intended for human consumption.

Food‐borne transmission is defined as when the parasite transmission stage is transferred to the human host via a food vehicle that is ingested, with contamination of the food occurring at any stage along the food‐chain, from primary production to preparation for consumption. Thus, for example, contamination of fresh produce may occur via irrigation water or via handling.

1.3. Additional information {#efs25495-sec-0008}
---------------------------

In this Opinion, the focus is on food‐borne transmission of three selected parasites, *Cryptosporidium* spp., *T. gondii,* and *Echinococcus* spp. causing cystic echinococcosis (CE) (*E. granulosus* sensu lato (s.l.)) and alveolar echinococcosis (AE) (*E. multilocularis*). Although it is not practical to address all food‐borne parasites in a single document, these parasites are considered to be of the greatest importance in Europe at this time (Bouwknegt et al., [2018](#efs25495-bib-0017){ref-type="ref"}) as they are responsible for a substantial proportion of the public health and economic burden due to food‐borne parasites in Europe.

The foods that are relevant for each of the parasites depend directly on the lifecycle of each parasite, and are thus considered individually below (summarised in Table [1](#efs25495-tbl-0001){ref-type="table"}). All three parasites, *Cryptosporidium* spp., *T. gondii* and *Echinococcus* spp., can be transmitted as contaminants of food. The parasite transmission stages -- oocysts for *Cryptosporidium* spp. and *T. gondii*, and eggs for *Echinococcus* spp. -- are shed in the faeces of their (definitive) hosts and may contaminate a food product that is subsequently consumed. In addition, *T. gondii*, which is infectious to all warm‐blooded animals, can be transmitted as an intrinsic part of meat.

It is important to note that when the parasite is transmitted as a contaminant of food, as described above, replication of the parasite in the environment or on the food does not occur. Thus, numbers of the parasite cannot increase during food storage. However, the environmental transmission stages of these parasites are relatively robust, and resistant to significant environmental pressures, such as very cold weather conditions, that are likely to prove detrimental to many other types of food‐borne pathogens. Thus, die‐off occurs relatively slowly (commonly weeks to months, depending on storage conditions).

Although the parasite replicates within the live animal, when the animal has been slaughtered, replication no longer continues.

For *Cryptosporidium* spp., contamination of fresh produce in the field, either directly from faeces or via irrigation water, is a possible route of transmission. Several outbreaks of cryptosporidiosis associated with fresh produce have been reported (Robertson and Chalmers, [2013](#efs25495-bib-0225){ref-type="ref"}; Ryan et al., [2018](#efs25495-bib-0237){ref-type="ref"}). Processing/washwater may be, or become, contaminated and disperse oocysts through batches of fresh produce. People infected with *Cryptosporidium* spp. shed infectious oocysts, so contamination of fresh produce may also occur during food handling. Food‐borne outbreaks of cryptosporidiosis have also been associated with fruit juice and dairy products. For fruit juice, contamination is generally considered to have occurred in the field, but could occur during human handling, or from flies carrying oocysts attracted to the product, or from contaminated water used in processing or dilution. For milk and dairy products, contamination from animal faeces may also be of relevance. Meat surfaces also may be contaminated with oocysts, and one outbreak has been reported to be linked to meat. Molluscan shellfish have also been considered as possible food vehicles of transmission for *Cryptosporidium*. However, although many surveys have indicated that such shellfish may contain viable *Cryptosporidium* oocysts, evidence of human infection via this route is lacking and no outbreaks have been reported.

For *T. gondii*, oocysts shed in the faeces of the definitive host (felids) may contaminate food, with fresh produce being the most likely vehicle of infection, and potentially fruit juice. In addition, as with *Cryptosporidium*, the oocysts of *Toxoplasma* have been detected in molluscan shellfish, which also have the potential to serve as a transmission vehicle. Although human toxoplasmosis due to consumption of oocysts in shellfish has not been documented, it seems likely that marine molluscs are the source of toxoplasmosis affecting sea otters off the coast of California (Conrad et al., [2005](#efs25495-bib-0041){ref-type="ref"}). Although tachyzoites may occur in milk, the available data do not suggest that this is a frequent transmission route to humans in Europe, possibly due to the relative lability of the tachyzoites combined with widespread pasteurisation.

*Toxoplasma* may infect any warm‐blooded animal and the proliferating tachyzoites encyst in the tissues. These tissue cysts contain the relatively dormant stage, the bradyzoites, and meat from any infected animal that is not treated appropriately (e.g., adequate freezing or cooking) prior to consumption may transmit the infection. Wild animals or domestic animals that are raised outdoors are more likely to be infected because of the greater potential for exposure to infectious oocysts.

For *Echinococcus,* contamination of food products can only occur from contact with the faeces of infected canids. In Europe, the relevant canids are, in particular, dogs for *E. granulosus* and foxes for *E. multilocularis*. For this parasite, the long incubation period in human infections between infection and symptoms (months to years), means that vehicle attribution is exceptionally difficult. However, extrapolation from non‐human primate investigations may provide clues. Although there is one report of a case of human infection with *E. multilocularis,* in which the transmission vehicle was proposed to be imported Swiss cheese (Cook, [1991](#efs25495-bib-0044){ref-type="ref"}), this seems to be a very unusual situation; proposed identification of the transmission vehicle was based on circumstantial evidence and could not be verified, although survival of *Taenia taeniaeformis* eggs in the cheese‐making process was demonstrated as part of a retrospective investigation. Thus, fresh produce (farmed or gathered) that is contaminated in the field or forest, potentially via irrigation water or splash up from rainwater, seems to be the most likely food‐borne transmission vehicle for this parasite. Although there are no documented cases of human infection with *Echinococcus* spp. where fresh produce is implicated, several cases of AE in zoo primates in Switzerland have been recorded in which fresh vegetables contaminated with *E. multilocularis* eggs were considered to be the most probable infection vehicle (Federer et al., [2016](#efs25495-bib-0087){ref-type="ref"}). This indicates the potential for this route of infection and the plausibility of fresh produce acting as an infection vehicle for humans.

Consumption of fresh vegetables has dramatically increased globally, partly because of the wide diversity of fresh vegetables and packaging formats available, and also because of the promotion of these foods as important components of a healthy diet. In high‐income regions, including Europe, consumers' desire for these products is year‐round, and therefore companies source products from all over the world to fulfil this demand. However, fresh and fresh‐cut herbs, vegetables and soft fruits are not processed in ways that will effectively eliminate human pathogens, including parasites (Jung et al., [2014](#efs25495-bib-0139){ref-type="ref"}).

Given these known and potential transmission routes for the parasites under consideration, we have focussed upon the following food groups: fresh produce and herbs (this means fruit, vegetables, and herbs that are eaten raw and have not been processed or preserved); fruit and vegetable juice; dairy products (for the purposes of this document, this includes liquid milk, fermented milk products such as yoghurt, and raw milk cheeses), molluscan shellfish, and all types of meat (meat and meat products from different animal species). The possible food‐borne transmission pathways for the selected parasites are summarised in Table [1](#efs25495-tbl-0001){ref-type="table"}.

###### 

Selected parasites and possible food‐borne transmission pathways

+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Parasite                  | Food group                                                                                                                                                                                                                                    | Possible food‐borne transmission pathway                                                                                                                                                                                                                                     |
+===========================+===============================================================================================================================================================================================================================================+==============================================================================================================================================================================================================================================================================+
| *Cryptosporidium* spp.    | Fresh produce (fruit, vegetables and herbs that are eaten raw and have not been processed or preserved)                                                                                                                                       | Faeces of infected animals/humans during cultivation; splash‐up from rain may assist in spreading contamination                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               | Contaminated water used under cultivation (spraying, irrigation, etc.)                                                                                                                                                                                                       |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               | Infected handlers during any stage of the production process                                                                                                                                                                                                                 |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               | Contaminated washwater during processing prior to packaging and sale                                                                                                                                                                                                         |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Fruit and vegetable juice | Faeces of infected animals (including humans) during cultivation of the crop (including contaminated water used for irrigation, spraying etc.) and possibly by contaminated water used for dilution                                           |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           | Infected handlers during any stage of the production process                                                                                                                                                                                  |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Dairy products            | Faeces of infected animals during milking                                                                                                                                                                                                     |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           | Infected handlers during any stage of the production process                                                                                                                                                                                  |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Molluscan shellfish       | Filtration of contaminated seawater during growing (filter feeding)                                                                                                                                                                           |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           | Cross‐contamination during depuration                                                                                                                                                                                                         |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           | Infected handlers during any stage of the preparation process                                                                                                                                                                                 |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Meat                      | Faeces/intestinal content of infected animals contaminating the environment and meat surface at the abattoir during slaughter                                                                                                                 |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           | Infected handlers during any stage of the production process                                                                                                                                                                                  |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| *Toxoplasma gondii*       | Fresh produce (fruit, vegetables and herbs that are eaten raw and have not been processed or preserved)                                                                                                                                       | Faeces of infected felids during cultivation and possibly by contaminated water used for irrigation, spraying, etc., splash‐up from rain may assist in spreading contamination, cross‐contamination via washwater                                                            |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Fruit and vegetable juice | Faeces of infected felids during cultivation of the crop (including contaminated water used for irrigation, spraying, etc.)                                                                                                                   |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Dairy products            | Transfer of tachyzoites to milk of lactating infected mammals such as goats                                                                                                                                                                   |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Molluscan shellfish       | Filtration of contaminated seawater during growing (filter feeding)                                                                                                                                                                           |                                                                                                                                                                                                                                                                              |
|                           |                                                                                                                                                                                                                                               |                                                                                                                                                                                                                                                                              |
|                           | Cross‐contamination during depuration                                                                                                                                                                                                         |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Meat                      | As all warm‐blooded animals may be infected, and predilection sites are varied and include muscle, etc., all meat that is not adequately treated (e.g., frozen, cooked, etc.) prior to consumption has the potential to transmit *Toxoplasma* |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| *Echinococcus* spp.       | Fresh produce (fruit, vegetables and herbs that are eaten raw and have not been processed or preserved)                                                                                                                                       | Faeces of dogs, foxes and other canids during cultivation or, for wild‐picked produce under growth, and possibly by contaminated water used for irrigation, spraying, etc., and cross‐contamination via washwater; splash‐up from rain may assist in spreading contamination |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
| Fruit and vegetable juice | Faeces of infected canids during cultivation of the crop (including contaminated water used for irrigation, spraying, etc.) and possibly by contaminated water used for dilution                                                              |                                                                                                                                                                                                                                                                              |
+---------------------------+-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+
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For all parasites, there are clear limits on the adequacy of detection methods, which also differ by food matrix. These are described in greater detail in the relevant sections on each parasite.

In addition, the detection of a parasite (or parts thereof, including molecules such as DNA) in a food matrix does not necessarily indicate infectious potential.

2. Data and methodologies {#efs25495-sec-0009}
=========================

A literature search was used to gather scientific publications, reports, and official documents relevant for this Opinion. In general, the qualitative evaluation of the literature was based on the knowledge and expertise of the working group members. The experts in the working group selected relevant references starting from review papers, book chapters and peer‐reviewed papers retrieved through non‐systematic searches, and increasing the number of papers through 'footnote chasing' (White et al., [1992](#efs25495-bib-0286){ref-type="ref"}) until reaching a coverage of the subject considered sufficient by the working group.

In order to better interpret the reported notifications of human cases, animal infections and food contamination due to *Cryptosporidium* spp., *T. gondii*,*E. multilocularis*, and *E. granulosus* s.l., a questionnaire about mandatory notification of these parasites was sent to the members and observers of EFSA\'s Scientific Network for Zoonoses Monitoring Data representing 28 Member States and three European Economic Area (EEA) countries (Iceland, Norway and Switzerland). Replies were obtained from 30 (27 Member States and 3 EEA countries)/31 countries. A summary of the questionnaire and the results is shown in Appendix [A](#efs25495-sec-1001){ref-type="sec"}.

3. Assessment {#efs25495-sec-0010}
=============

3.1. *Cryptosporidium* spp {#efs25495-sec-0011}
--------------------------

### 3.1.1. Characteristics, including relevant food vehicles for transmission {#efs25495-sec-0012}

*Cryptosporidium* spp. are protozoan parasites in the phylum Apicomplexa, and have an intracellular but extracytoplasmic site of infection, usually epithelial cells in the small intestine. The taxonomy of the genus *Cryptosporidium* is undergoing continuous revision, and novel species are frequently described based on a combination of biological and genetic data. At present, there are at least 37 valid species and about 60 genotypes of undefined taxonomic status. Although as many as 17 species have been associated with human infection, two are responsible for the vast majority of human cases of disease, cryptosporidiosis, namely, *C. hominis* and *C. parvum* (Table [2](#efs25495-tbl-0002){ref-type="table"}).

###### 

List of the most commonly reported *Cryptosporidium* species infecting humans

  Species                         Major host(s)                                                   Occurrence in humans (globally)
  ------------------------------- --------------------------------------------------------------- ---------------------------------
  *Cryptosporidium hominis*       Humans                                                          Most common species
  *Cryptosporidium parvum*        Ruminants and humans                                            Most common species
  *Cryptosporidium meleagridis*   Birds and humans                                                Commonly reported
  *Cryptosporidium ubiquitum*     Ruminants, rodents, primates                                    Commonly reported
  *Cryptosporidium canis*         Dogs                                                            Less commonly reported
  *Cryptosporidium cuniculus*     Rabbits                                                         Less commonly reported
  *Cryptosporidium felis*         Cats                                                            Less commonly reported
  *Cryptosporidium muris*         Rodents                                                         Less commonly reported
  *Cryptosporidium viatorum*      Humans and the native Australian swamp rat *Rattus lutreolus*   Less commonly reported

John Wiley & Sons, Ltd

The lifecycle of *Cryptosporidium* spp. is completed within a single host, and starts with the ingestion of oocysts, from which four infective parasites (sporozoites) are released in the gastrointestinal tract where they invade epithelial cells. The cycle progresses with several asexual replications until a sexual phase occurs, enabling genetic recombination, and culminates in the production of new oocysts that are shed in the faeces. Oocysts are small (those of most *Cryptosporidium* species are about 5 μm in diameter), extremely robust stages that can withstand environmental stress and maintain sporozoite infectivity for weeks to months in moist conditions such as surface waters at typical temperatures (Rochelle and Di Giovanni, [2014](#efs25495-bib-0231){ref-type="ref"}). Survival in the aquatic environment is influenced mainly by temperature (Nichols et al., [2004](#efs25495-bib-0501){ref-type="ref"}) and solar ultraviolet (UV) (King et al., [2008](#efs25495-bib-0147){ref-type="ref"}). Due to the large animal reservoir, a lifecycle that does not require a specific vector or intermediate host for transmission, and the ability to persist in the environment, *Cryptosporidium* spp. are widely distributed. The major hosts of the different species vary (see Table [2](#efs25495-tbl-0002){ref-type="table"} for examples).

Dose--response modelling predicts a probability of human infection following ingestion of a single oocyst ranging from 0.03% to 6%, depending on the strain (Messner et al., [2001](#efs25495-bib-0186){ref-type="ref"}), although recent modelling studies suggest that single oocyst infection probabilities could be as high as 72% (Messner and Berger, [2016](#efs25495-bib-0185){ref-type="ref"}).

Symptomatic infection (cryptosporidiosis) is characterised by diarrhoea, abdominal pain, nausea or vomiting, mild fever, anorexia, malaise, fatigue and weight loss. Diarrhoea can be of sudden onset and is generally watery and voluminous, with three to six stools passed each day, which may contain mucus. Symptoms usually last for up to 3 weeks, occasionally longer, and, in otherwise healthy people, resolve spontaneously. During clinical episodes, relapse occurs in about one‐third of cases. Individuals with an impaired immune system (e.g., untreated people with AIDS, malnourished children, people with some congenital immunodeficiencies and some transplant recipients) are at risk of developing more severe and protracted symptoms. To date, very few drugs are available for the treatment of cryptosporidiosis, of which only one, nitazoxanide, a broad‐spectrum antiparasitic and antiviral drug, is licensed in the United States, but not in the EU. The burden of disease is noticeably higher in low‐income countries, and young children are the age group most affected by cryptosporidiosis. Recent studies including the Global Enteric Multicenter Study (Kotloff et al., [2013](#efs25495-bib-0154){ref-type="ref"}) and the Global Burden of Disease 2015 Study (GBD Diarrhoeal Diseases Collaborators, [2017](#efs25495-bib-0099){ref-type="ref"}) have shown that *Cryptosporidium* is a major cause of moderate‐to‐severe diarrhoeal disease in young children (\< 5 years of age) in sub‐Saharan Africa and South East Asia, and a significant cause of death in toddlers.

In Europe, as elsewhere, knowledge about epidemiological trends of cryptosporidiosis is limited by differences in the ascertainment, reporting and surveillance systems that are in place in the different EU/EEA countries (Appendix [A](#efs25495-sec-1001){ref-type="sec"}). Therefore, the quality and quantity of the available data varies between Member States and direct comparison of numbers of cases and incidence rates between EU/EEA countries may not be possible (Cacciò and Chalmers, [2016](#efs25495-bib-0023){ref-type="ref"}). In the ECDC Annual Epidemiological Report for 2015, nine EU countries (Denmark, France, Greece, Italy, the Netherlands, Poland, Portugal, plus Iceland and Lichtenstein) did not report data on cryptosporidiosis at all. The UK reported over half of all cases. Furthermore, of the 23 EU/EEA countries that did report data on cryptosporidiosis, 13 reported only 0--10 cases in 2015 compared with the average reporting rate of 3.1 cases per 100,000 population. It is therefore evident that cryptosporidiosis is under‐ascertained and under‐reported in most EU/EEA countries. Nevertheless, some relevant trends can be inferred from the reported data, in particular regarding age distribution and seasonality of cases. Indeed, as observed in other parts of the world, the highest notification rate in Europe is usually seen in young children (0--4 years old), with 11.2 confirmed cases per 100,000 males and 9.2 confirmed cases per 100,000 females in this age group. In terms of seasonality, a b‐modal distribution, confirming a trend observed in previous years, has been reported with a small peak of cases in the spring and a larger one in late summer and autumn (August--October) (ECDC, [2018](#efs25495-bib-0070){ref-type="ref"}). However, the epidemiology varies between countries.

The transmission of human cryptosporidiosis involves both direct (person‐to‐person and animal‐to‐person) and indirect routes (through water, food and fomites contaminated with infectious oocysts) (Figure [1](#efs25495-fig-0001){ref-type="fig"}).

Cryptosporidiosis occurs as sporadic infections and as outbreaks. Direct person‐to‐person transmission plays a major role in the epidemiology, and cases have been reported between family members, sexual partners, children in day‐care centres, and hospital patients and staff. Contact with people with diarrhoea was identified as a major risk factor for sporadic cryptosporidiosis in the UK, USA, and Australia (Robertson et al., [2002](#efs25495-bib-0229){ref-type="ref"}; Hunter et al., [2004](#efs25495-bib-0131){ref-type="ref"}; Roy et al., [2004](#efs25495-bib-0235){ref-type="ref"}).

Direct zoonotic transmission of *C. parvum* has been demonstrated in many instances and outbreaks, particularly among veterinary students, other people exposed to livestock, and children and adults visiting open/petting farms (Cacciò and Putignani, [2014](#efs25495-bib-0024){ref-type="ref"}), and touching livestock was identified as a significant risk factor in sporadic cases in the UK (Hunter et al., [2004](#efs25495-bib-0131){ref-type="ref"}).

The epidemiology and risk factors for the two main species have not only some overlap but also some key differences. For *C. hominis*, contact with young children (such as changing nappies), or with people having diarrhoea, or ingestion of drinking or recreational water contaminated with human faeces or wastewater represent the main risk factors. In the case of *C. parvum*, contact with farm animals, especially very young animals, or consumption of water or food contaminated by their faeces are the main risk factors, although this parasite can also be spread between people.

*Cryptosporidium* has traditionally been regarded as a waterborne parasite, and many studies have demonstrated a widespread occurrence of *Cryptosporidium* in the aquatic environment. Water plays an important role in the transmission of *Cryptosporidium* spp. to humans, both from drinking water supplies and recreational waters, and is the most commonly reported vehicle of transmission in outbreaks (Chalmers, [2012](#efs25495-bib-0029){ref-type="ref"}). Although both mains and private water supplies have been implicated in outbreaks and may pose an infection risk for sporadic cases, swimming pools are the main setting for outbreaks in which risks from drinking water have been controlled. Oocysts are resistant to the chlorine concentration typically used for chemical disinfection of water and are remarkably stable particularly at low temperature. Water may play an important role in the indirect contamination of food with *Cryptosporidium* spp.

The role of food in the transmission of cryptosporidiosis is less clear than that for drinking or recreational water (Ryan et al., [2018](#efs25495-bib-0237){ref-type="ref"}). This is in part due to the legacy of *Cryptosporidium* being regarded as a waterborne parasite, but also due to under‐ascertainment and under‐reporting, lack of awareness of food as a vehicle, difficulties in trace‐back to and of food items, and the lack of national and international standards for testing food, in contrast to that of drinking water (Painter et al., [2009](#efs25495-bib-0208){ref-type="ref"}; Chalmers, [2012](#efs25495-bib-0029){ref-type="ref"}). See Section [3.1.3](#efs25495-sec-0014){ref-type="sec"} for further details.

![Food‐borne transmission pathways for *Cryptosporidium* spp.](EFS2-16-e05495-g001){#efs25495-fig-0001}

### 3.1.2. Food‐borne outbreaks in Europe {#efs25495-sec-0013}

In the period 2005--2016, a total of 53 cryptosporidiosis outbreaks (of any cause) in Europe were reported to EFSA, of which seven were attributed to food. Of the 53 outbreaks, 13 were categorised as 'unknown' and may also have been food‐borne. However, it is helpful to look at the food‐borne outbreaks of cryptosporidiosis reported globally (Appendix [B](#efs25495-sec-1002){ref-type="sec"}) to see the range of risky food items and transmission routes, and some of the emerging themes. Between 1984 and 2017, there were 25 reported food‐borne outbreaks of cryptosporidiosis globally. The geographical distribution was skewed towards countries with established surveillance and reporting systems, as well as the resources for outbreak investigation, as discussed by Robertson and Chalmers ([2013](#efs25495-bib-0225){ref-type="ref"}). Even so, some of the global trends include the following: Food‐borne outbreaks were mainly linked to fresh produce (n = 11), especially more recently, followed by unpasteurised milk and dairy products (n = 7).Fruit juice‐related outbreaks (n = 3) have not been reported since 2003.There has only been one reported outbreak linked to the consumption of meat (although a chicken salad was one of the menu items in another outbreak).Many of the outbreaks had multiple foods or transmission routes identified through descriptive epidemiology. Unravelling the food‐borne element or precise food item can be hard.The evidence for association with food was largely descriptive epidemiology -- analytical epidemiology (case--control or cohort study) was reported in just three food‐borne outbreaks (two in the UK and one in the USA).Very large outbreaks (with one hundred or more cases) were linked in 2012 and 2015 to salad leaves in the UK (two outbreaks) and Finland (one outbreak). In the UK outbreaks, food traceability was difficult. In the Finnish outbreak, frisée salad was reported to be traced to production in the Netherlands.Food‐borne outbreaks affected adults more than children, largely due to the food items (such as salad leaves and vegetables) and settings where they were served (such as workplace canteens and restaurants).Where the infecting species were identified (15 outbreaks), this was usually *C. parvum* (13 outbreaks). Both of the *C. hominis* outbreaks implicated food handlers.There have been no reported outbreaks linked to the consumption of molluscan shellfish.

The lack of widespread genotyping to identify infecting species and link cases to each other, and lack of efficient and effective methods for testing food and linking contaminating isolates to cases, has hampered investigation and intervention during food‐borne (and other) outbreaks.

### 3.1.3. Methods of detection in food {#efs25495-sec-0014}

The most sensitive methods for the detection of *Cryptosporidium* in food products (Appendix [C](#efs25495-sec-1003){ref-type="sec"}) are based on (1) oocyst separation from the sample matrix by a method that minimises co‐concentration of debris (e.g., flotation or immunomagnetic separation (IMS)) and (2) detection by polymerase chain reaction (PCR) or immunofluorescence microscopy (IFM). Other promising methods of oocyst concentration include microfiltration, but some pre‐preparation may be needed to reduce filter clogging. Only IMS‐IFM has been validated in ring trials and then only for iceberg lettuce and raspberries (Cook et al., [2006](#efs25495-bib-0046){ref-type="ref"}; Utaaker et al., [2017](#efs25495-bib-0278){ref-type="ref"}). This forms the basis of the only relevant standard method, ISO 18744 'Microbiology of the food chain --- Detection and enumeration of *Cryptosporidium* and *Giardia* in fresh leafy green vegetables and berry fruits'.

The relevant commercially available IMS and IFM reagents are broadly specific for the capture and detection of *Cryptosporidium* spp. oocysts. However, analysts need to be aware that cross‐reactions may occur with other genera and ensure that measures are in place to confirm *Cryptosporidium* oocysts, by visualisation of confirmatory internal structures. IFM is dependent on the experience and expertise of analysts to identify *Cryptosporidium* oocysts correctly. In the absence of confirmation, only '*Cryptosporidium* oocyst‐like bodies' or 'presumptive *Cryptosporidium* oocysts' should be reported.

IFM is desirable for the enumeration of *Cryptosporidium* oocysts, but as viable and non‐viable oocysts are indistinguishable by this test, species that are not infectious for humans will also be counted, and therefore the human health risk may be overestimated.

Prelabelled, inactivated oocysts can be spiked into samples tested by IFM or IMS‐IFM to monitor test method recovery and detection rates. Recovery rates may vary, depending on the size of the inocula used, the sample matrix and the competency of the analyst, but for drinking water spiked with 100 to 500 oocysts, ≥ 33% is deemed acceptable (US EPA, [2012](#efs25495-bib-0275){ref-type="ref"}). For foodstuffs, Utaaker et al. ([2015](#efs25495-bib-0277){ref-type="ref"}) suggested an acceptable threshold recovery rate of 20% for lettuce spiked with 50 oocysts. During some food sample surveys, oocyst recovery rates of 25--47% have been reported, but these data are rarely provided (Appendix [C](#efs25495-sec-1003){ref-type="sec"}).

Recovery data from spiked oocysts can be used in risk assessments to estimate the true numbers of oocysts present indicated from oocyst counts.

PCRs for detection have not been well validated for quantification of *Cryptosporidium* spp. in food, and there have been no ring trials. PCR performance depends on sample preparation, DNA extraction, PCR efficiency, mitigation of inhibitors and the detection system used.

If a validated PCR is applied to IMS concentrates, there is additional assurance that the amplicons derive from oocysts rather than 'free' DNA in the sample.

Note that the PCR primers will, in part, determine the specificity of the *Cryptosporidium* assay. For some foods such as milk, where contamination likely originates from the milk‐producing animal, it may be relevant to target only the *Cryptosporidium* species from that host likely to be infectious to humans (e.g. cow\'s milk, *C. parvum*), whereas for other foods where diffuse sources of contamination are possible, primers with a broader specificity may be useful.

Furthermore, in addition to simply detecting the genus, molecular methods enable the identification of the species (or beyond) of *Cryptosporidium* and this can be helpful for source attribution and tracking. Sequencing the SSU rRNA gene provides the benchmark for species differentiation. A fragment of the highly polymorphic gene encoding the glycoprotein 60 (gp60) protein is sometimes sequenced to 'subtype' *Cryptosporidium* species, most commonly *C. parvum* and *C. hominis* from clinical cases, but a multilocus scheme is desirable to resolve the variation arising from genetic recombination during the sexual phase of the lifecycle (specifically, meiosis). However, there is no standardised multilocus genotyping scheme. Furthermore, the small numbers of oocysts likely to be retrieved from food samples would pose challenges to the application of such a scheme for food, should one be standardised.

ISO 18744 does not include identification of the parasite species/genotypes or a viability assessment. If foods are spiked for recovery data, molecular methods may detect the spike, although this may be reduced if gamma irradiated oocysts are used as their DNA is damaged and less readily detected by PCR.

#### 3.1.3.1. Detection methods in fresh produce {#efs25495-sec-0015}

Method development for fresh produce, along with interest from bodies such as Codex, has resulted in the production of an ISO standard for leafy greens and raspberries. It is based on surface elution, centrifugation, IMS and IFM. This has been used in four studies in Europe, of which three had large sample sizes indicating an overall prevalence of *Cryptosporidium* spp. of up to 8% (Appendix [D](#efs25495-sec-1004){ref-type="sec"}). The most recent study, which did not use IMS and relied on pooling samples, reported a *Cryptosporidium* prevalence of \< 1% (Caradonna et al., [2017](#efs25495-bib-0026){ref-type="ref"}).

For the ISO and other suitable methods, variable recovery rates have been reported (Appendix [C](#efs25495-sec-1003){ref-type="sec"}) both within ring trials where the same type of produce was examined (Cook et al., [2006](#efs25495-bib-0046){ref-type="ref"}; Utaaker et al., [2015](#efs25495-bib-0277){ref-type="ref"}), and between different types of produce (Robertson and Gjerde, [2001](#efs25495-bib-0226){ref-type="ref"}; Hohweyer et al., [2016](#efs25495-bib-0129){ref-type="ref"}). The limit of detection (LOD) has only been provided for a quantitative polymerase chain reaction (qPCR)‐based method and the numbers of oocysts used in the inocula were greater than would be expected in natural contamination (Appendix [C](#efs25495-sec-1003){ref-type="sec"}; Hohweyer et al., [2016](#efs25495-bib-0129){ref-type="ref"}). More work needs to be done to investigate food‐type (matrix) effects and whether the ISO standard is suitable for all leafy greens as the validation and ring trials were limited to iceberg lettuce.

The US Food and Drug Administration (FDA) has published a method in the *Bacteriological Analysis Manual*: BAM 19a 'Detection of *Cyclospora* and *Cryptosporidium* in Fresh Produce: Isolation and Identification by Polymerase Chain Reaction and Microscopic Analysis' (US FDA, [2004](#efs25495-bib-0276){ref-type="ref"}). However, there have been few published studies comparing detection by IFM and PCR, and one study reported lower detection by PCR from lettuce than microscopy (Ripabelli et al., [2004](#efs25495-bib-0222){ref-type="ref"}). Providing the sample preparation is appropriate, DNA extraction is efficient, the PCR is well designed and efficient, inhibitors are controlled and performance is validated, these methods should be suitable for detection in fresh produce.

The identification and application of DNA aptamers binding to the oocyst wall of *C. parvum*, has suggested the ability to detect 100 oocysts spiked on fresh fruit, and could be automated, but more development is needed for practical application (Iqbal et al., [2015](#efs25495-bib-0133){ref-type="ref"}).

#### 3.1.3.2. Detection methods in fruit juice {#efs25495-sec-0016}

The first investigations of *Cryptosporidium* in fruit juice were in response to outbreaks in the USA in the early 1990s where the vehicle was identified as unfermented apple cider. Detection methods were based on those used for faeces: ethyl acetate sedimentation or simple sedimentation‐sucrose flotation and IFM (Millard et al., [1994](#efs25495-bib-0187){ref-type="ref"}), but no recovery, sensitivity or specificity data were given, although high numbers of oocysts were detected, which was most likely due to high levels of contamination. In an effort to provide comparative recovery data and improve detection, one study (Deng and Cliver, [2000](#efs25495-bib-0054){ref-type="ref"}) compared sample preparation by ethyl acetate sedimentation and sucrose flotation with IMS and detection by immunofluorescence microscopy and PCR (Laberge et al., [1996](#efs25495-bib-0158){ref-type="ref"}). This established sucrose flotation and IMS with detection by IFM as most sensitive, with 2/3 aliquots positive when spiked with 10 oocysts/100 mL, and therefore suitable for detecting an infectious dose in a portion‐sized sample of the product. In a further development, an alternative IMS system was used and 10 oocysts detected by the same PCR (Laberge et al., [1996](#efs25495-bib-0158){ref-type="ref"}; Deng et al., [2000](#efs25495-bib-0056){ref-type="ref"}).

As there are no data from Europe, it is necessary to look elsewhere. One study in Canada investigated an apple cider (juice) production process by sampling apples through to finished product and, using the Laberge et al. ([1996](#efs25495-bib-0158){ref-type="ref"}) and Deng et al. ([2000](#efs25495-bib-0056){ref-type="ref"}) methods, found material positive for *Cryptosporidium* at all stages (Garcia et al., [2006](#efs25495-bib-0097){ref-type="ref"}). This is probably the most relevant available study for Europe and is included in Appendix [C](#efs25495-sec-1003){ref-type="sec"}. Other studies have been undertaken elsewhere but their settings (such as juice stalls or farms in Africa) were not considered relevant for risk assessment in Europe.

Frazar and Orlandi ([2007](#efs25495-bib-0092){ref-type="ref"}) artificially contaminated different food types to compare DNA template preparation for PCR, using Whatman filter paper adsorption with a kit‐based total DNA extraction following IMS. Total DNA extraction provided a more reliable detection of 50 oocysts/10 mL, with the LOD varying by matrix: for apple juice, the LOD was 50 oocysts/10 mL; in high juice pulp orange juice, 1/5 replicates were positive at 5 oocysts/10 mL; and in low pulp orange juice, 2/5 replicates were positive at 5 oocysts/10 mL.

By combining microfiltration with oocyst lysis and spin columns and a real‐time PCR (Guy et al., [2003](#efs25495-bib-0117){ref-type="ref"}), nested PCR and single‐tube nested real‐time PCR, consistent detection limits of 10 oocysts per 250 mL have been reported (Minarovičová et al., [2009](#efs25495-bib-0190){ref-type="ref"}, [2010](#efs25495-bib-0191){ref-type="ref"}).

Recent developments, particularly in PCR detection, may be useful for future work. The US FDA\'s BAM19a (see above) also includes isolation of *Cryptosporidium* spp. from juices, unfermented cider and milk by processing a 10‐mL volume of product directly by IMS and detection by PCR or IFM, although no performance data are provided or could be found.

#### 3.1.3.3. Detection methods in milk and dairy products {#efs25495-sec-0017}

There have been no prospective sample surveys, or well‐described methods applied during outbreak investigations in Europe. In three outbreaks elsewhere (Australia, Russia and the USA), milk or fermented milk product (kefir) was tested for the presence of *Cryptosporidium* and oocysts or antigens were detected (Appendix [D](#efs25495-sec-1004){ref-type="sec"}). In Australia, milk samples were centrifuged and IMS was used to concentrate oocysts, IFM was used for oocyst detection and ELISA for antigen detection. In Russia, microscopy was used for detection in kefir and milk filters at the dairy. In the USA, PCR was used but deemed to provide a false positive result in milk, highlighting the need for validation of molecular methods.

Seeding trials of liquid milk have been reported as part of method development, and PCR‐based methods, particularly the most recent, are more sensitive than other methods used (Appendix [C](#efs25495-sec-1003){ref-type="sec"}). A key element is the sample preparation prior to PCR. However, none have progressed to sample surveys of milk or dairy products so their application is not known/proven.

#### 3.1.3.4. Detection methods in molluscan shellfish {#efs25495-sec-0018}

Molluscan shellfish have been tested for *Cryptosporidium* for two main purposes: first, as biomonitors of fresh and sea water quality, taking advantage of their filtration capacity, and secondly as food products. The focus is on the latter here.

A variety of molluscan genera have been tested, the most commonly eaten and farmed species being Pacific cupped oysters (*Crassotrea gigas*). Other main food species are eastern oysters (*Crassotrea virginica*), European flat oysters (*Ostrea edulis*), hard clams (*Mercenaria mercenaria*), soft‐shelled clams (*Mya arenaria*), common mussels (*Mytilus edulis*), Mediterranean mussels (*Mytilus galloprovincialis*) and common cockles (*Cerastoderma edule*) (Appendix [C](#efs25495-sec-1003){ref-type="sec"}).

A variety of testing methods have been used, either applied to tissue homogenates or washings of whole shellfish or individual parts (e.g., gills, digestive tract, whole flesh washings, haemolymph), tested separately or pooled, and subjected to concentration or purification through sieving, centrifugation, flotation or IMS before detection by molecular methods or IFM.

Gómez‐Couso et al. ([2005](#efs25495-bib-0109){ref-type="ref"}) looked at the distribution of *Cryptosporidium* within 60 clams (*Tapes decussatus*) on a daily basis following seeding a 20 L tank with 10^6^ *C. parvum* oocysts (approximately 3.3 × 10^5^ oocysts/specimen). Histological analysis demonstrated the presence of oocysts in siphons, gills, stomach, digestive diverticula and gut, but the frequency of detection was higher in gills and especially gut, where the number of oocysts was greatest on all 10 consecutive days. They recommended that the gills and intestinal tracts should be examined in preference to individual tissues. There is additional evidence that whole tissue homogenates are the most useful sample for testing in occurrence or prevalence surveys (Fayer et al., [1997](#efs25495-bib-0083){ref-type="ref"}; Tamburrini and Pozio, [1999](#efs25495-bib-0265){ref-type="ref"}; MacRae et al., [2005](#efs25495-bib-0173){ref-type="ref"}; Li et al., [2006](#efs25495-bib-0163){ref-type="ref"}; Miller et al., [2006](#efs25495-bib-0188){ref-type="ref"}; Schets et al., [2007](#efs25495-bib-0246){ref-type="ref"}).

Seeding experiments, with detection by IFM, have shown recovery efficiencies ranging from 12% to 50% for mussels (MacRae et al., [2005](#efs25495-bib-0173){ref-type="ref"}; Graczyk et al., [2007](#efs25495-bib-0115){ref-type="ref"}), 48% to 69.5% for scallops (MacRae et al., [2005](#efs25495-bib-0173){ref-type="ref"}) and up to 77.2% from inoculation of sieved and purified mussel and intestinal tract homogenates (Gómez‐Couso et al., [2006](#efs25495-bib-0111){ref-type="ref"}). One limitation of the tests applied was that only a small proportion of sample/homogenate could be tested.

In an effort to provide a method that is suitable across a range of shellfish consistencies due to variable protein content, and enabling a larger proportion of material to be tested, Robertson and Gjerde ([2008](#efs25495-bib-0227){ref-type="ref"}) evaluated a pepsin digestion method that allowed for the examination of 3 g samples by IFM with only a small loss of viability. Recovery efficiencies of 70--80% from blue mussel, horse mussel and oyster homogenates were reported (Robertson and Gjerde, [2008](#efs25495-bib-0227){ref-type="ref"}).

Although no study has shown total agreement between detection by IFM and PCR in shellfish, neither method has been shown to be consistently better than the other, probably because of the different detection targets (e.g. empty oocyst‐like bodies may be detected by IFM but sporozoites and hence DNA may not be present) (Fayer et al., [2003](#efs25495-bib-0085){ref-type="ref"}; Gómez‐Couso et al., [2004](#efs25495-bib-0108){ref-type="ref"}, [2006](#efs25495-bib-0111){ref-type="ref"}).

#### 3.1.3.5. Detection methods in meat {#efs25495-sec-0019}

The lifecycle of *Cryptosporidium* usually occurs in the small intestine and meat surfaces might become contaminated with oocysts from faeces, particularly at the slaughterhouse. Very few studies of *Cryptosporidium* on meat have been undertaken -- most of the information comes either from reactive development work for cured meat prepared using possibly contaminated water that caused a drinking waterborne outbreak in Sweden (Robertson and Huang, [2012](#efs25495-bib-0228){ref-type="ref"}), or from the EU Fifth Framework Quality of Life and Management of Living Resources programme[3](#efs25495-note-1008){ref-type="fn"} (Appendix [C](#efs25495-sec-1003){ref-type="sec"}). This EU project focused on the development of new methods to isolate and detect *C. parvum* in food and water samples. The project investigated meat samples at a commercial beef abattoir in Ireland. The parasite was not detected on carcass meat (Moriarty et al., [2005a](#efs25495-bib-0194){ref-type="ref"}). However, oocysts were isolated from 21/288 (7.3%) faecal samples at an estimated 25,000--37,500 per g and in 12/49 water samples (50 L) that had been used to wash beef carcasses at a level of 0.08--9.0 oocysts/L (McEvoy et al., [2005](#efs25495-bib-0182){ref-type="ref"}; Moriarty et al., [2005a](#efs25495-bib-0194){ref-type="ref"}).

#### 3.1.3.6. Infectivity and viability assessment of *Cryptosporidium* spp. in food {#efs25495-sec-0020}

*Cryptosporidium* oocysts are already sporulated on excretion in faeces and are therefore immediately capable of infecting another host; additionally, the thick oocyst wall confers protection and they can therefore survive for long periods of time in the environment, particularly in moist conditions. Extremes of temperature, solar UV light, and ammonia reduce their survival, while the effects of biotic antagonism (predation from other organisms) need more investigation (King and Monis, [2007](#efs25495-bib-0146){ref-type="ref"}). Additionally, food preservation treatments such as pasteurisation, low‐temperature freezing, low pH and desiccation adversely affect the ability of *Cryptosporidium* spp. to survive in food (Dawson, [2005](#efs25495-bib-0050){ref-type="ref"}). However, the detection methods currently used for *Cryptosporidium* spp. do not indicate whether the oocysts are viable (alive) or infectious and potentially harmful to humans. They may be dead, or not capable of infection, or belong to a species or genotype non‐infective or pathogenic to humans. Although oocysts processed and detected by ISO 18744 could be subsequently genotyped to identify species or strains, viability or infectivity assessment is not possible once samples have been fixed on microscope slides, and assay modification would be required and applied to additional samples.

The methods to assess infectivity and viability have been recently reviewed (Rousseau et al., [2018](#efs25495-bib-0234){ref-type="ref"}). The gold standard is infectivity of a neonatal mouse model, although this is not applicable to *C. hominis* for which the immunosuppressed Mongolian gerbil provides an infectivity model. However, cell culture infectivity, measured by observation of lifecycle stages or infection foci, has been shown to provide a suitable, more ethical alternative (Johnson et al., [2012](#efs25495-bib-0135){ref-type="ref"}). Tests for viability such as those based on the uptake or exclusion of vital dyes, and molecular methods amplifying RNA, may overestimate infectivity and subsequently public health risk.

#### 3.1.3.7. Concluding remarks on detection methods {#efs25495-sec-0021}

The most sensitive methods for the detection of *Cryptosporidium* in food products require oocyst separation from the sample matrix and detection either by PCR or by IFM.

Quantitation of *Cryptosporidium* in food by PCR needs further development. PCR‐based methods that have been applied to food provide neither an idea of viability or infectivity, for which further tests are needed (see Appendix [C](#efs25495-sec-1003){ref-type="sec"}). Genotyping, and especially multilocus genotyping, may be difficult to apply to food where small numbers of oocysts might be present.

There is only one standard method: ISO 18744 'Microbiology of the food chain --- Detection and enumeration of *Cryptosporidium* and *Giardia* in fresh leafy green vegetables and berry fruits'. The effectiveness of this method is dependent on the food tested and laboratory staff expertise.

There is a need for standardisation of sampling approaches, experimental design, and outcome measurements to enable comparison between studies, whether they are for detection or survival studies, of food types and processing and control measures.

### 3.1.4. Occurrence and survival of *Cryptosporidium* spp. in food {#efs25495-sec-0022}

Published surveys for the occurrence of *Cryptosporidium* spp. in food in Europe (unless stated otherwise) are shown in Appendix [D](#efs25495-sec-1004){ref-type="sec"}. Of the studies of the foodstuffs considered here, very few reported either the viability or infectivity of the *Cryptosporidium* oocysts detected; survival data were mainly generated in separate, largely experimental, studies.

The use of indicator organisms as a means to assess the probability of presence of *Cryptosporidium* remains controversial and often discredited, although the use of indicators for validation of the efficacy of treatment processes is justified. Although spores of *Clostridium perfringens* are sometimes suggested as an indicator, the rationale is often unclear. Spores of *C. perfringens* may be as hardy as protozoan parasites, but there are plenty of data that demonstrate a lack of clear correlation between *C. perfringens* in water and *Cryptosporidium* spp. (EFSA, [2017](#efs25495-bib-0080){ref-type="ref"}).

#### 3.1.4.1. Occurrence and survival of *Cryptosporidium* spp. in fresh produce {#efs25495-sec-0023}

Surveys for the occurrence of *Cryptosporidium* in fresh produce and herbs in Europe have been published in six papers (Appendix [D](#efs25495-sec-1004){ref-type="sec"}). Studies of alfalfa, mung bean, radish sprouts and sprout mix, cabbages, leeks, lettuce, spring onions, celery, cauliflower, broccoli, spinach and Brussels sprouts at the point of sale, using methods similar to the ISO standard 18744, and sample sizes \> 100 items individually or overall for the study, indicated a prevalence of up to 8% (Robertson and Gjerde, [2001](#efs25495-bib-0226){ref-type="ref"}; Rzeżutka et al., [2010](#efs25495-bib-0238){ref-type="ref"}). A study in Poland reported that *Cryptosporidium*‐positive samples were more likely to come from districts with the highest number of cattle herds (Rzeżutka et al., [2010](#efs25495-bib-0238){ref-type="ref"}). One small study of cabbages and lettuce irrigated with faecally contaminated water in Spain showed *Cryptosporidium* oocysts on 2/6 (33.3%) Chinese cabbage, 3/4 (75%) Lollo rosso lettuce and 7/9 (77.8%) Romaine lettuce (Amoros et al., [2010](#efs25495-bib-0008){ref-type="ref"}), indicating the risk that is presented by waterborne contamination during cultivation. One study using a test method omitting the IMS step, and using IFM and PCR on pooled samples, reported a prevalence of 0.96% (Caradonna et al., [2017](#efs25495-bib-0026){ref-type="ref"}) and although the pooling strategy took into account predicted low prevalence, this may have diluted the concentration of oocysts below the LOD for the assay.

The numbers of oocysts detected on fresh produce were reported in just four papers, from different amounts of initial samples (range 30--100 g; Appendix [D](#efs25495-sec-1004){ref-type="sec"}) and ranged from 1 to 17 oocysts.

To investigate the survival of *Cryptosporidium* oocysts, Utaaker et al. ([2017](#efs25495-bib-0278){ref-type="ref"}) on spiked lettuce leaves and used vital dyes to determine changes in viability under refrigerated and ambient storage conditions. In contrast with *Giardia* cysts, *Cryptosporidium* oocysts survived well with little change in viability over a 2‐week period, both when stored refrigerated and at room temperature. Hohweyer et al. ([2016](#efs25495-bib-0129){ref-type="ref"}) used reverse‐transcriptase qPCR targeting a heat shock protein (hsp70) after heat‐shock induction, and also reported no significant change in the viability of oocysts spiked on to basil leaves throughout storage at 4°C for 8 days.

#### 3.1.4.2. Occurrence and survival of *Cryptosporidium* spp. in fruit juice {#efs25495-sec-0024}

No data were found for the occurrence of *Cryptosporidium* in fruit juice in Europe. A survey during the processing of apples in Canada reported the presence of *Cryptosporidium* DNA, detected by PCR, in raw apple juice in 6/113 (5%) samples and in 2/113 (2%) of the same samples following fermentation (Garcia et al., [2006](#efs25495-bib-0097){ref-type="ref"}).

The survival of *Cryptosporidium* in fruit juice has been investigated using vital dyes. One study reported the survival of a significant proportion of oocysts inoculated into orange juice (pH 3.9) stored at 4°C and at 22°C for 24 h (Friedman et al., [1997](#efs25495-bib-0096){ref-type="ref"}). When naturally present, oocysts recovered from stored concentrates obtained in Egypt, were tested using vital dyes and 4‐ or 5‐week‐old Swiss albino mouse infectivity. Reduced viability and infectivity were reported from oocysts in lemon and orange juice, but not strawberry, mango or sugar cane juice (Mossallam, [2010](#efs25495-bib-0196){ref-type="ref"}).

#### 3.1.4.3. Occurrence and survival of *Cryptosporidium* spp. in milk and dairy products {#efs25495-sec-0025}

No data were found for the occurrence of *Cryptosporidium* in milk and dairy products in Europe but investigation of two outbreaks elsewhere provided some evidence for the presence of the parasite in reactive sampling, but no enumeration (Appendix [D](#efs25495-sec-1004){ref-type="sec"}).

Oocyst viability in yoghurt and already pasteurised milk was estimated using spiking experiments and vital dyes to assess viability. Although oocyst viability decreased from a starting point of about 80% at spiking, viability was only reduced to 58% even after 8 days of storage (Deng and Cliver, [1999](#efs25495-bib-0053){ref-type="ref"}). The same study also investigated ice cream by inoculating oocysts into the ice cream mix, prior to mixing, freezing and hardening for 24 h at −20°C, after which none were viable, although 8% of oocysts suspended in water as controls were still viable at this point (Deng and Cliver, [1999](#efs25495-bib-0053){ref-type="ref"}).

#### 3.1.4.4. Occurrence and survival of *Cryptosporidium* spp. in molluscan shellfish {#efs25495-sec-0026}

Although there has yet to be a cryptosporidiosis outbreak reported that implicates molluscan shellfish (Appendix [B](#efs25495-sec-1002){ref-type="sec"}), there have been more sample surveys for the occurrence and survival of *Cryptosporidium* in this foodstuff than for the others considered here (Appendix [D](#efs25495-sec-1004){ref-type="sec"}). In a review of the potential for marine bivalve shellfish to transmit protozoa, including *Cryptosporidium*, to humans, Robertson ([2007](#efs25495-bib-0224){ref-type="ref"}) stated the importance of recognising this potential by those investigating infection routes. Most studies have been in the major mussel‐producing areas of Europe, reflecting the concern about the potential of this food to cause illness and outbreaks.

Field samples in Spain indicated that the depuration process is inefficient for the complete elimination of oocysts (Gómez‐Couso et al., [2003a](#efs25495-bib-0106){ref-type="ref"}, [2006](#efs25495-bib-0111){ref-type="ref"}), supported by tank experiments (Gomez‐Bautista et al., [2000](#efs25495-bib-0105){ref-type="ref"}; MacRae et al., [2005](#efs25495-bib-0173){ref-type="ref"}), and the depuration processes may actually spread contamination among shellfish Gómez‐Couso et al., [2003b](#efs25495-bib-0107){ref-type="ref"}). Genotyping‐positive samples indicated that oocysts were often *C. parvum* and linked to agricultural sources. Other *Cryptosporidium* species pathogenic to humans have also been detected in molluscan shellfish.

Vital dyes were used to assess viability in two studies in Europe. Viable oocysts were detected in 53% of mussel, oyster, clam and cockles samples from Galicia, north‐west Spain and other EU countries (Gómez‐Couso et al., [2003a](#efs25495-bib-0106){ref-type="ref"}), and in surface waters that enter the oyster harvesting areas in the Oosterschelde, the Netherlands (Schets et al., [2007](#efs25495-bib-0246){ref-type="ref"}).

Elsewhere, one study in the US reported that *Cryptosporidium* oocysts recovered from commercially harvested Chesapeake Bay oysters were infective for neonatal mice (Fayer et al., [1999](#efs25495-bib-0084){ref-type="ref"}). In another US study, a fluorescence in situ hybridisation assay for rRNA was used to determine that 83% of 265 oyster groups contained viable *C. parvum* oocysts. However, the authors concluded that the numbers of viable oocysts present may be too low to cause infection in healthy individuals (Graczyk et al., [2007](#efs25495-bib-0115){ref-type="ref"}).

Mouse infectivity has been demonstrated following experimental contamination of shellfish or tissue to shed more light on *Cryptosporidium* in molluscan shellfish (Fayer et al., [1997](#efs25495-bib-0083){ref-type="ref"}; Tamburrini and Pozio, [1999](#efs25495-bib-0265){ref-type="ref"}; Freire‐Santos et al., [2001](#efs25495-bib-0094){ref-type="ref"}). Although viability was shown to decline rapidly over the first four days in experimentally contaminated oysters (*Ostrea edulis*) and clams (*Tapes decussatus*), 15--25% oocysts remained infective to suckling mice at 31 days post‐contamination (Freire‐Santos et al., [2002](#efs25495-bib-0095){ref-type="ref"}). The possibility of transmission between co‐existing shellfish has been demonstrated (Gómez‐Couso et al., [2003b](#efs25495-bib-0107){ref-type="ref"}). One study demonstrated maintenance of *C. parvum* viability in shellfish for 7 days (Sutthikornchai et al., [2016](#efs25495-bib-0262){ref-type="ref"}). The study estimated that the greatest risk was from consumption within 72 h of contamination and that at least 3 days of depuration in clean seawater were required to remove oocysts from oysters.

#### 3.1.4.5. Occurrence and survival of *Cryptosporidium* spp. in meat {#efs25495-sec-0027}

When cured meat that had been processed during a drinking water outbreak in Sweden, only a single, putative oocyst was detected (Robertson and Huang, [2012](#efs25495-bib-0228){ref-type="ref"}). Oocysts were not detected on beef carcasses sampled at a commercial beef abattoir in Ireland (Moriarty et al., [2005a](#efs25495-bib-0194){ref-type="ref"}).

#### 3.1.4.6. Concluding remarks on occurrence and survival of *Cryptosporidium* spp. in food {#efs25495-sec-0028}

There are limited data on the occurrence and survival of *Cryptosporidium* on fresh produce, and different sampling frames and sample sizes have been used. In large surveys using methods compliant with or similar to ISO 18744, oocysts have been detected in up to 8% of samples. Indications are that oocysts remain viable under refrigerated and ambient storage conditions.

There are no data on the occurrence and survival of *Cryptosporidium* spp., in fruit juice or milk and dairy products in Europe, but a survey from Canada found *Cryptosporidium* DNA in raw apple juice.

The only structured, prospective survey of meat in Europe did not detect oocysts.

There are more data for molluscan shellfish indicating that a high proportion of samples may be contaminated and that depuration processes may fail to remove the oocysts. However, the low numbers of oocysts detected may reduce the likelihood of infection among consumers.

Faecal indicators are not reliable predictors of the presence or absence of *Cryptosporidium* spp.

### 3.1.5. Relative importance of food‐borne pathways {#efs25495-sec-0029}

*Cryptosporidium* spp. are faecal--oral pathogens for which both humans and animals can act as major hosts. The transmission of human cryptosporidiosis involves both direct routes (person‐to‐person and animal‐to‐person) and indirect routes (through water, food and fomites contaminated with infectious oocysts). Table [3](#efs25495-tbl-0003){ref-type="table"} provides an overview of the current level of application of different source attribution approaches for determining the relative importance of *Cryptosporidium* spp. food‐borne pathways. Technical details on the considered source attribution approaches are provided in Appendix [E](#efs25495-sec-1005){ref-type="sec"}.

###### 

Different source attribution approaches for *Cryptosporidium* spp

  Source attribution approach    Comments
  ------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Epidemiological studies        Several case--control studies of cryptosporidiosis have been conducted, yet the main focus of these studies has been on water; food‐borne outbreaks are relatively rare and not frequently investigated
  Subtyping                      Limited applicability because no sufficiently discriminatory standardised multilocus genotyping scheme exists and because *Cryptosporidium* spp. are not routinely genotyped
  Comparative risk assessment    Limited applications despite availability of occurrence data
  Expert knowledge elicitation   To date the most frequently applied source attribution approach for *Cryptosporidium* spp.
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#### 3.1.5.1. Epidemiological studies {#efs25495-sec-0030}

Several epidemiological studies of cryptosporidiosis have been conducted, yet the main focus of these studies has been water as a risk factor. Majowicz et al. ([2001](#efs25495-bib-0174){ref-type="ref"}) described a series of 157 sporadic cryptosporidiosis cases reported in Ontario, Canada, during 1996--1997. Waterborne transmission was the most commonly reported probable source of infection (48% of cases), followed by contact with livestock (21%), person‐to‐person contact (15%), food‐borne transmission (8%) and contact with pets (8%).

Case--control studies of sporadic infection in immunocompetent individuals in industrialised countries (the USA, the UK and Australia) did not identify specific foods as risk factors. (Robertson et al., [2002](#efs25495-bib-0229){ref-type="ref"}; Hunter et al., [2004](#efs25495-bib-0131){ref-type="ref"}).

Globally*,* food‐borne outbreaks of cryptosporidiosis are rarely reported in high‐income countries (Batz et al., [2012](#efs25495-bib-0012){ref-type="ref"}; Painter et al., [2013](#efs25495-bib-0209){ref-type="ref"}). In low‐income countries, they are rarely identified (Ryan et al., [2018](#efs25495-bib-0237){ref-type="ref"}). Data are therefore lacking to perform outbreak‐based source attribution. Nonetheless, an overview of 25 reported food‐borne outbreaks of cryptosporidiosis globally, showed that the most frequently implicated food source was fresh produce (n = 11) followed by unpasteurised milk and dairy products (n = 7) (Appendix [B](#efs25495-sec-1002){ref-type="sec"}).

#### 3.1.5.2. Subtyping {#efs25495-sec-0031}

Few studies have compared the presence of *Cryptosporidium* species or genotypes in different animal sources and humans in the same geographical area (Xiao, [2010](#efs25495-bib-0289){ref-type="ref"}; Ryan et al., [2014](#efs25495-bib-0236){ref-type="ref"}).

Sequencing the *Cryptosporidium gp60* gene from stools obtained from cases in outbreaks has revealed *C. parvum* genotypes suggestive of zoonotic sources in food‐borne outbreaks (Appendix [B](#efs25495-sec-1002){ref-type="sec"}).

One study in the UK used *gp60* sequence comparisons to estimate the proportion of indigenous human *C. parvum* cases derived directly from livestock and reported 25% for *C. parvum* and 10% of all reported *Cryptosporidium* cases in the UK (Chalmers et al., [2011](#efs25495-bib-0032){ref-type="ref"}).

However, to date, no sufficiently discriminatory multilocus genotyping scheme has been fully validated or widely adopted by veterinary or public health researchers (Hotchkiss et al., [2015](#efs25495-bib-0130){ref-type="ref"}) or reference laboratories in Europe, although an initiative as part of COST Action Euro‐FBP is addressing this issue (Chalmers and Cacciò, [2016](#efs25495-bib-0030){ref-type="ref"}). However, in most countries *Cryptosporidium* is not routinely genotyped, or even the infecting or contaminating species identified, and so point of reservoir source attribution is further hampered.

#### 3.1.5.3. Comparative risk assessment {#efs25495-sec-0032}

The use of a comparative risk assessment approach for *Cryptosporidium* source attribution is limited by a lack of occurrence data. Most *Cryptosporidium* risk assessment studies have focused on waterborne transmission (e.g., Murphy et al., [2016](#efs25495-bib-0197){ref-type="ref"}), although a few examined fresh produce (e.g., Shrestha et al., [2017](#efs25495-bib-0251){ref-type="ref"}). Grace et al. ([2012](#efs25495-bib-0114){ref-type="ref"}) performed a risk assessment of human cryptosporidiosis associated with dairy farming in Kenya, showing that the major exposure pathway was through the consumption of raw and improperly cleaned vegetables.

#### 3.1.5.4. Expert knowledge elicitation {#efs25495-sec-0033}

National studies conducted in some North American and European countries have yielded similar food‐borne attribution proportions, ranging from 6% to 12% (Table [4](#efs25495-tbl-0004){ref-type="table"}). Other studies conducted in North America, considering only food‐borne transmission, applied similar food‐borne proportions (8--10%; Mead et al., [1999](#efs25495-bib-0184){ref-type="ref"}; Scallan et al., [2011](#efs25495-bib-0244){ref-type="ref"}; Ravel et al., [2010](#efs25495-bib-0221){ref-type="ref"}). Recently, the expert knowledge elicitation conducted by the Food‐borne Disease Burden Epidemiology Reference Group (FERG) in the context of the global burden of food‐borne disease study, yielded food‐borne attribution proportions in the European region that ranged from 9% to 11% (Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}) (Table [4](#efs25495-tbl-0004){ref-type="table"}). Waterborne transmission and person‐to‐person contact were estimated to be the dominant transmission routes (36--38% and 28--30%, respectively).

Three national studies also provided expert knowledge elicitation estimates of the contribution of specific food groups to food‐borne cryptosporidiosis. Fresh produce emerged as the dominant source in Canada (Davidson et al., [2011](#efs25495-bib-0049){ref-type="ref"}) and the USA (Batz et al., [2012](#efs25495-bib-0012){ref-type="ref"}), but only as the third most important food source in the Netherlands, after beef and lamb, and (shell)fish (Havelaar et al., [2008](#efs25495-bib-0122){ref-type="ref"}). Within the context of the global burden of food‐borne disease study, vegetables were estimated to account for approximately 60% of food‐borne cryptosporidiosis cases across the European region, although the ranges were very wide, followed by the category 'fruits and nuts', which accounted for 20--30% of food‐borne cryptosporidiosis cases (Hoffmann et al., [2017](#efs25495-bib-0128){ref-type="ref"}) (Figure [2](#efs25495-fig-0002){ref-type="fig"}).

###### 

Examples of studies using expert knowledge elicitation for attribution of human cryptosporidiosis to main transmission routes

  Country                                        Food          Water                                        Person‐to‐person   Animal contact   Reference
  ---------------------------------------------- ------------- -------------------------------------------- ------------------ ---------------- -----------------------------------------------------------------------------------------------------
  EUR A[a](#efs25495-note-0006){ref-type="fn"}   10% (0--39)   38% (3--70)                                  30% (1--65)        14% (0--44)      Hald et al. ([2016](#efs25495-bib-0119){ref-type="ref"})
  EUR B[b](#efs25495-note-0007){ref-type="fn"}   11% (0--39)   37% (2--68)                                  28% (1--64)        16% (0--46)      Hald et al. ([2016](#efs25495-bib-0119){ref-type="ref"})
  EUR C[c](#efs25495-note-0008){ref-type="fn"}   9% (0--40)    36% (5--70)                                  29% (1--64)        15% (0--48)      Hald et al. ([2016](#efs25495-bib-0119){ref-type="ref"})
  Canada                                         11% (1--37)   37% (13--68)                                 24% (5--61)        23% (5--57)      Butler et al. ([2015](#efs25495-bib-0022){ref-type="ref"})
  Greece                                         6% (6--8)     N/A[d](#efs25495-note-0009){ref-type="fn"}   N/A                N/A              Gkogka et al. ([2011](#efs25495-bib-0104){ref-type="ref"})
  Netherlands                                    12% (0--20)   28% (10--39)                                 27% (10--38)       13% (5--19)      Havelaar et al. ([2008](#efs25495-bib-0122){ref-type="ref"})[e](#efs25495-note-0010){ref-type="fn"}

EUR A: Andorra, Austria, Belgium, Croatia, Cyprus, Czechia, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Israel, Italy, Luxembourg, Malta, Monaco, the Netherlands, Norway, Portugal, San Marino, Slovenia, Spain, Sweden, Switzerland, the United Kingdom.

EUR B: Albania, Armenia, Azerbaijan, Bosnia and Herzegovina, Bulgaria, Georgia, Kyrgyzstan, Montenegro, Poland, Romania, Serbia, Slovakia, Tajikistan, the former Yugoslav Republic of Macedonia, Turkey, Turkmenistan, Uzbekistan.

EUR C: Belarus, Estonia, Hungary, Kazakhstan, Latvia, Lithuania, Moldova, Russia, Ukraine.

N/A = not available.

Havelaar et al. ([2008](#efs25495-bib-0122){ref-type="ref"}) also considered travel as an exposure route, with an attribution proportion of 20% (4--29).

John Wiley & Sons, Ltd

![Expert knowledge elicitation estimations of the contribution of specific foods to the disease burden of *Cryptosporidium* spp. (Hoffmann et al., [2017](#efs25495-bib-0128){ref-type="ref"})\
The dots represent the median estimate; the black line the 90% uncertainty interval; and the grey line the 95% uncertainty interval. EUR A: Andorra, Austria, Belgium, Croatia, Cyprus, Czechia, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Israel, Italy, Luxembourg, Malta, Monaco, the Netherlands, Norway, Portugal, San Marino, Slovenia, Spain, Sweden, Switzerland, the United Kingdom; EUR B: Albania, Armenia, Azerbaijan, Bosnia and Herzegovina, Bulgaria, Georgia, Kyrgyzstan, Montenegro, Poland, Romania, Serbia, Slovakia, Tajikistan, the former Yugoslav Republic of Macedonia, Turkey, Turkmenistan, Uzbekistan; EUR C: Belarus, Estonia, Hungary, Kazakhstan, Latvia, Lithuania, Moldova, Russia, Ukraine.](EFS2-16-e05495-g002){#efs25495-fig-0002}

#### 3.1.5.5. Concluding remarks on relative importance of food‐borne transmission pathways {#efs25495-sec-0034}

Information on the relative importance of food vs other major transmission pathways for human cryptosporidiosis currently results mainly from expert knowledge elicitation because of limitations with data‐driven approaches. Waterborne transmission, person‐to‐person contact and animal contact are consistently believed to be more important transmission pathways. However, the recent occurrence of very large, widespread outbreaks linked to the consumption of fresh produce in the UK and Finland have raised concerns about food safety. Available estimates suggest that about 10% of human cryptosporidiosis cases may be food‐borne.

From the data that are available, it is probably reasonable to suggest that the predominant baseline/background transmission pathway involves water (drinking water, especially from untreated or small and private supplies, and recreational water), then direct contact with an infected person (person‐to‐person spread) or livestock animal, then other fomites and lastly pets. Variations to this may occur within populations -- for example, among young children in day care, person‐to‐person transmission and fomites may be more important. Where food‐borne transmission fits into this hierarchical list is uncertain. Food‐borne outbreaks have been shown to occur, and can be very large and widespread with high impact.

The data from national studies conducted in some North American and European countries, which considered outbreak data (Painter et al., [2013](#efs25495-bib-0209){ref-type="ref"}) or expert knowledge elicitations (Hoffmann et al., [2007](#efs25495-bib-0127){ref-type="ref"}; Davidson et al., [2011](#efs25495-bib-0049){ref-type="ref"}) indicate that food‐borne cryptosporidiosis is mainly associated with fresh produce. Large and widespread outbreaks have been reported linked to the consumption of salad leaves (McKerr et al., [2015](#efs25495-bib-0183){ref-type="ref"}; Åberg et al., [2015](#efs25495-bib-0001){ref-type="ref"}; Public Health England, [2017](#efs25495-bib-0219){ref-type="ref"}). A more recent study estimated the proportion of specific food‐borne diseases attributable to specific food exposure routes, globally, and concluded that contaminated vegetables accounted for somewhere in the range of 15% to 80% of cases of food‐borne cryptosporidiosis (Hoffmann et al., [2017](#efs25495-bib-0128){ref-type="ref"}), indicating a high level of uncertainty. Fresh produce has few identifiable controls for *Cryptosporidium* so is relatively more important than milk and dairy in countries where pasteurisation is commonplace. The importance of fruit juice has declined as controls have been implemented (e.g., pasteurisation).

To date, most estimates of the relative importance of food‐borne pathways have been generated through expert knowledge elicitations, resulting in important uncertainties. Data‐driven approaches have so far been rarely applied because of specific limitations. Specifically, subtyping approaches have shown limited applicability because there is no sufficiently discriminatory standardised multilocus genotyping scheme and because *Cryptosporidium* spp. are not generally routinely genotyped; comparative risk assessment studies have rarely been performed, despite the availability of occurrence data; and epidemiological studies have rarely focused on food.

### 3.1.6. Consumer practices contributing to infection {#efs25495-sec-0035}

There are limited data about the contribution of consumer practices to *Cryptosporidium* infection.

Quantitative microbiological risk assessment (QMRA) has shown a high risk of infection from small and private water supplies, and there is a dose--response risk of infection from drinking contaminated water (Gualberto and Heller, [2006](#efs25495-bib-0116){ref-type="ref"}; Hunter et al., [2011](#efs25495-bib-0132){ref-type="ref"}; Murphy et al., [2016](#efs25495-bib-0197){ref-type="ref"}). Additionally, living in a rural area contributes to infection (Pollock et al., [2010](#efs25495-bib-0215){ref-type="ref"}). Occupational exposure may occur, for example, among farmworkers, veterinarians, and agricultural and veterinary students, people who work with young children or care for people with diarrhoea. Poor hygiene habits contribute to increased exposure, especially in young children, who also have a lack of immunity and gut immaturity. Recreational exposure occurs among people who visit open/petting farms, especially where hand hygiene is poor (Chalmers and Giles, [2010](#efs25495-bib-0031){ref-type="ref"}). Using recreational waters, such as swimming pools, presents a greater risk of infection for children (who tend to drink more pool water) than adults (Suppes et al., [2016](#efs25495-bib-0261){ref-type="ref"}). People who continue to use swimming pools when infected have contributed to the spread of cryptosporidiosis.

Changes in consumer habits, including eating outside of the home (food‐borne outbreaks have been reported at coffee shops/restaurants/canteens; Appendix [B](#efs25495-sec-1002){ref-type="sec"}) and the consumption of more raw and undercooked foods, can certainly influence exposure to, and transmission of, *Cryptosporidium* spp. Cases of cryptosporidiosis are linked to travel abroad, the exposure being increased where contaminated water or food is consumed, sanitation is poor and where there is increased environmental exposure. The desire for year‐round fresh produce has increased the importation of foods from warmer climes but improved trace‐back is needed to understand where foods involved in outbreaks have come from. Drinking raw milk, or eating dairy products made from raw milk, presents an increased likelihood of exposure to infectious oocysts to consumers, as shown by outbreaks that have occurred (Appendix [B](#efs25495-sec-1002){ref-type="sec"}). Eating fresh produce, even if it has been washed commercially, has caused widespread outbreaks (Appendix [B](#efs25495-sec-1002){ref-type="sec"}). Handling food while infected with *Cryptosporidium* could contaminate items and expose others to infection.

### 3.1.7. Current control methods for food‐borne transmission and likely impacts {#efs25495-sec-0036}

The food‐borne transmission of *Cryptosporidium* spp. to humans is via oocyst contamination, either directly from animal or human faeces or through the use of faecally contaminated water during production, processing or preparation. Currently, there are no mandatory *Cryptosporidium* spp. control methods at any of these stages, although the water used in food processing and preparation should be of potable quality.

#### 3.1.7.1. Prevention of contamination {#efs25495-sec-0037}

##### Primary production {#efs25495-sec-0038}

Cryptosporidiosis is not only a disease of humans, but also an important disease of livestock and other animals; prevalence of infection can be as high as 100% in young ruminant livestock and large numbers of oocysts are shed in faeces (Santín, [2013](#efs25495-bib-0243){ref-type="ref"}). Preventing direct contamination of food therefore requires control of livestock and wild animals, animal and human defecation, and general hygiene measures as described in the Codex Alimentarius Codes of Hygienic Practice for specific food products[4](#efs25495-note-1009){ref-type="fn"} and in the Guidelines on the application of general principles of food hygiene to the control of food‐borne parasites (2016).[5](#efs25495-note-1010){ref-type="fn"}

The prevention or reduction of infection among livestock will also reduce the risk of oocyst contamination from manure and slurry, and help to control environmental contamination and subsequently protect water sources.

The control of livestock cryptosporidiosis can be difficult because the oocysts are environmentally stable and resistant to most on‐farm disinfectants. The infective dose is low, high numbers of sporulated, infective oocysts are shed resulting in the rapid spread of infection, there are no vaccines available, and treatment options are limited (Thomson et al., [2017](#efs25495-bib-0268){ref-type="ref"}). Measures that reduce *Cryptosporidium* infection and oocyst shedding in livestock are mainly based on good hygiene and disinfection; for example, by preventing the build‐up of faeces, using steam cleaning or a hydrogen peroxide‐based disinfectant, and allowing surfaces and utensils to dry, providing good hygiene in birthing areas, ensuring adequate uptake of colostrum, low stocking density, using an all‐in all‐out policy, limiting contact between young stock and those of different ages, isolation of scouring animals, quarantine of replacement young stock, rodent control, biosecurity while changing bedding (Hotchkiss et al., [2015](#efs25495-bib-0130){ref-type="ref"}). Mass prophylaxis with halofuginone lactate has been reported to resolve persistent cryptosporidiosis successfully on cattle farms (Thomson et al., [2017](#efs25495-bib-0268){ref-type="ref"}). Insects may act as mechanical vectors and transfer *Cryptosporidium* oocysts from dung and slurry to food (Conn et al., [2007](#efs25495-bib-0040){ref-type="ref"}).

The EU Water Framework Directive[6](#efs25495-note-1011){ref-type="fn"} requires optimal control of pathogens to protect drinking water supplies. In an extensive review, Kay ([2012](#efs25495-bib-0143){ref-type="ref"}) identified the best on‐farm management practices for attenuating the transport of livestock‐derived pathogens, including *Cryptosporidium*, within catchments. These included: the containment of farm buildings/feedlot sources by reducing the amounts of slurry/contaminated water and applying runoff interception/containment, moving water and feed troughs regularly to prevent a build‐up of excreta;on‐farm treatment of contaminated water using ponds and constructed farm wetlands and vegetative treatment areas for feedlot runoff;the control of livestock on farmland and direct voiding of faeces through stream bank fencing and bridging, minimising livestock congregation areas and soil poaching, exclusion from areas at times of high pollution risk, using woodchip corrals and vegetated and riparian buffer strips;the control of slurry and manure application to land through sufficient slurry storage (ammonia; predation from other organisms), proper composting of manure (heat), location and timing of application and incorporation of manures in soil.

Soil matrix, hydrology, vegetation, and precipitation affect the transfer of oocysts from faeces (King and Monis, [2007](#efs25495-bib-0146){ref-type="ref"}). Kay ([2012](#efs25495-bib-0143){ref-type="ref"}) additionally identified the best on‐farm management practices to attenuate pathogen concentrations within catchments, including grassed waterways (or 'swales'), interception of track or hard standing runoff, and using in‐stream ponds. Mitigation of other sources of environmental contamination was also identified as important in catchments, including wastewater through enhanced treatment, combination effects of processes, and optimal operation, and the recreational use of catchments (such as the provision of toilets). In a study in Poland, a link was established between high numbers of cattle herds and the *Cryptosporidium*‐positivity of fresh produce (Rzeżutka et al., [2010](#efs25495-bib-0238){ref-type="ref"}). Significant intense rainfall events influenced the presence and persistence of *Cryptosporidium* oocysts in eastern oysters on Prince Edward Island, Canada (Aguirre et al., [2016](#efs25495-bib-0002){ref-type="ref"}).

Protection of water sources and supplies is addressed through adequate risk assessment, and the common occurrence of *Cryptosporidium* in catchments, its persistence, and resistance to chemical disinfection has led to the critical attention this parasite has received from the drinking water industry. The basic steps and implementation of the microbial risk assessment framework has been described (WHO, [2009](#efs25495-bib-0287){ref-type="ref"}).

The use of treated wastewater effluent, e.g., for irrigation of fresh produce, can lead to contamination and a risk of infection with *Cryptosporidium* (Chaudhry et al., [2017](#efs25495-bib-0034){ref-type="ref"}).

Even with some decay in the environment or water sources, viable oocysts can potentially reach and remain on food crops; the critical factors being temperature, desiccation/water activity, solar UV, salinity and biotic antagonism (King and Monis, [2007](#efs25495-bib-0146){ref-type="ref"}; Peng et al., [2008](#efs25495-bib-0210){ref-type="ref"}). The effects of temperature and water activity have been fairly well characterised and adapted for controls in some food items (see below) but solar UV, salinity and biotic antagonism need further investigation.

##### Processing {#efs25495-sec-0039}

During processing, *Cryptosporidium* contamination may arise from poor quality water used in washing (for example of fresh produce) or dilution (for example, of fruit juice), or cross‐contamination between food items or water used in processes such as cooling. The water used to wash salad leaves destined for bagged packaging is a recirculating system that may promote the spread of oocysts. Dairy hygiene is important for the prevention of faecal contamination of milk. Meats may be exposed to contaminated water or cross contamination during curing processes (Robertson and Huang, [2012](#efs25495-bib-0228){ref-type="ref"}).

##### Retail and consumers {#efs25495-sec-0040}

Hygienic standards and adequate sanitation should be maintained to prevent contamination from infected food handlers, or other infected people they may come into contact with (particularly during toileting or changing nappies) (Hunter et al., [2004](#efs25495-bib-0131){ref-type="ref"}).

#### 3.1.7.2. Control {#efs25495-sec-0041}

No specific *Cryptosporidium* testing or control measures are legally required for food. Some foods, such as certain fruits and vegetables, are consumed raw without a cooking or freezing step to kill oocysts and so controls that reduce the parasite hazard to an acceptable level during primary production are especially important.

Efficacy against *Cryptosporidium* is usually measured as a log‐reduction or percentage reduction in numbers (removal) or viability/infectivity.

There is a lack of hard surface disinfectants and sanitisers that are effective against *Cryptosporidium*. One study reported that 5 of 35 disinfectants and sanitisers were effective with relatively short contact times: ammonia 5% for 120 min or 50% for 30 min; formalin 10% for 120 min; hydrogen peroxide 3% for 30 min; 'Exspor' (a chlorine dioxide‐based disinfectant) working dilution 30 min and 'Oo‐cide' (an ammonia‐based disinfectant) 5% for 5 min (O\'Donoghue, [1995](#efs25495-bib-0200){ref-type="ref"}).

Ozone (25°C, 1 ppm) renders 99.9% of oocysts non‐infective after 10 min (Korich et al., [1990](#efs25495-bib-0153){ref-type="ref"}).

Air drying, even at ambient temperatures, can be a useful control with only 5% of oocysts reported viable after 4 h on stainless steel (Deng and Cliver, [1999](#efs25495-bib-0053){ref-type="ref"}).

Food workers can reduce the risk of onward spread and contamination if they wash their hands with hot water and soap, and dry them thoroughly after going to the toilet, and before handling food. Hand sanitisers and alcohol gels are not effective against *Cryptosporidium*.

##### Control measures for fresh produce {#efs25495-sec-0042}

If dropped fruit are used, they may be contaminated with faeces and thus introduce *Cryptosporidium*. If flies are not controlled, or prevented from landing on picked fruit, they may contaminate the product with faeces. However, although there may be some reduction in numbers, infective *Cryptosporidium* oocysts remained on experimentally contaminated apples even after washing (Macarisin et al., [2010a](#efs25495-bib-0171){ref-type="ref"}).

Furthermore, washing may fail to remove contaminating oocysts on leafy vegetables, where they have been shown to adhere to surfaces and become embedded in stomatal openings (Macarisin et al., [2010a](#efs25495-bib-0171){ref-type="ref"},[b](#efs25495-bib-0172){ref-type="ref"}). The survival of oocysts in chlorine baths (Duhain et al., [2012](#efs25495-bib-0068){ref-type="ref"}) also presents a risk of onward transmission through the recycling of washwater, which is standard industry practice. Viability is retained for weeks on stored produce under chilled conditions (Utaaker et al., [2017](#efs25495-bib-0278){ref-type="ref"}).

##### Control measures for fruit juice {#efs25495-sec-0043}

Some of the controls for fresh produce, such as not using dropped fruit and the control of flies, are also relevant control measures for fruit juice (Fetene et al., [2011](#efs25495-bib-0088){ref-type="ref"}).

Preservation treatments for fruit juice include UV, ozone, organic acids, H~2~O~2~, flash pasteurisation and high hydrostatic pressure. The US FDA requires a 5‐log reduction in fruit juice; there is evidence that this can be achieved using low pressure UV C (e.g. 14.32 mJ/cm^2^) (Hanes et al., [2002](#efs25495-bib-0120){ref-type="ref"}), 0.025% H~2~O~2~ (Kniel et al., [2003](#efs25495-bib-0150){ref-type="ref"}), regular or flash pasteurisation (Harp et al., [1996](#efs25495-bib-0121){ref-type="ref"}; Deng and Cliver, [2001](#efs25495-bib-0055){ref-type="ref"}; Kniel et al., [2003](#efs25495-bib-0150){ref-type="ref"}), and high hydrostatic pressure, in excess of 30,000 to 45,000 psi (Slifko et al., [2000](#efs25495-bib-0255){ref-type="ref"}).

##### Control measures for milk and dairy {#efs25495-sec-0044}

Pasteurisation is an effective control measure for *Cryptosporidium* in milk (Harp et al., [1996](#efs25495-bib-0121){ref-type="ref"}).

After hardening ice cream at −20°C for 24 h, no *Cryptosporidium* oocysts remained viable, as determined by vital dyes (Deng and Cliver, [1999](#efs25495-bib-0053){ref-type="ref"}).

##### Control measures for molluscan shellfish {#efs25495-sec-0045}

Depuration is a key process in shellfish processing, and one study demonstrated that at least 3 days of depuration in clean sea water was required to remove oocysts from oysters (Sutthikornchai et al., [2016](#efs25495-bib-0262){ref-type="ref"}), although oocysts have been detected in clams mussels and oysters long after this time period (Freire‐Santos et al., [2000](#efs25495-bib-0093){ref-type="ref"}). The efficacy of depuration may be influenced by shellfish species, oocyst load, dissolved oxygen level, water flow, salinity, and temperature (Robertson, [2007](#efs25495-bib-0224){ref-type="ref"}).

In 2015, EFSA published an evaluation of alternative heat treatments that could be applied for the control of pathogens in unpurified shellfish produced in lower category production areas (EFSA BIOHAZ Panel, [2015](#efs25495-bib-0078){ref-type="ref"}). These alternative processes equivalent to 90°C for 90 s are likely to kill *Cryptosporidium*.

##### Control measures for meat {#efs25495-sec-0046}

*Cryptosporidium* might be controlled on cured meats by the salinity and low water activity, but these are assumptions from other investigations as there have been no viability or infectivity studies of cured meat (Robertson and Huang, [2012](#efs25495-bib-0228){ref-type="ref"}).

One study investigated the survival of oocysts on beef muscle and reported that heating at 60°C for 45 s and at 75°C for 20 s rendered oocysts non‐infective, indicating that adequate cooking is an effective control measure (Moriarty et al., [2005b](#efs25495-bib-0195){ref-type="ref"}). The same study also reported that other controls were also appropriate for *Cryptosporidium*: washing beef carcasses in water at 85°C (recommended for the decontamination of bacterial pathogens following processing); and using a steam vacuum temperature of at least 82°C; additionally, commercial freezing substantially reduced the proportion of viable oocysts (McEvoy et al., [2004](#efs25495-bib-0181){ref-type="ref"}; Moriarty et al., [2005b](#efs25495-bib-0195){ref-type="ref"}).

#### 3.1.7.3. Concluding remarks on control measures {#efs25495-sec-0047}

Control of *Cryptosporidium* oocysts as faecal contaminants of food and water will decrease the likelihood of transmission to susceptible hosts. Contamination could be reduced in the field, right through to consumption, through minimising access by animals, providing sanitation and hand hygiene for food workers, and using potable water for irrigation and other processes where there is contact between fresh produce and water. There are few specific treatment or preservation controls for *Cryptosporidium* in the food chain; heat treatment (pasteurisation, cooking) and freezing at −80°C (−20°C is not sufficiently reliable) may be appropriate for some foods, but for fresh, or minimally treated foods, and those intended to be eaten raw, such as salads and herbs, minimising contamination in the first place will probably be more effective.

To enable sufficiently robust detection of contamination, assuming adequate sampling, and more meaningful survey results, methods for detection need further verification and development to document recovery rates and LOD. The emphasis here should be on the presence or absence, as quantification may be difficult, contamination unevenly distributed, and even small numbers of oocysts may present a risk to consumers. However, quantification data for QMRA are needed. Pinpointing and evaluating control measures would be further improved by identification of contaminating *Cryptosporidium* species (to indicate the source or origin of contamination) and assessment of viability and infectivity. Improved and standardised methods would contribute not only to occurrence/removal studies, but also to survival studies, allowing robust evaluation of food preservation techniques and control measures aimed at killing the parasite.

3.2. *Toxoplasma gondii* {#efs25495-sec-0048}
------------------------

### 3.2.1. Characteristics, including relevant food vehicles for transmission {#efs25495-sec-0049}

*Toxoplasma gondii* is an intracellular protozoan parasite that, like *Cryptosporidium*, belongs in the phylum Apicomplexa. The parasite has a heterogeneous lifecycle; its sexual multiplication takes place only in Felidae, the definitive hosts; asexual multiplication takes place in possibly all warm‐blooded animals, the intermediate hosts. *T. gondii* has three different infectious stages: tachyzoites, bradyzoites in tissue cysts and sporozoites in oocysts. *T. gondii* is considered the most prevalent parasitic zoonotic infection globally (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}), with infection leading to a range of diseases in humans and animals. Studies conducted in animals have shown that cats can be infected with as few as one bradyzoite (Cornelissen et al., [2014](#efs25495-bib-0502){ref-type="ref"}) and mice can be infected with only one oocyst (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}). Pathogenesis studies in sheep have shown that 200 oocysts can cause infection and induce protective immunity (McColgan et al., [1988](#efs25495-bib-0180){ref-type="ref"}). However, there are no comparable studies to determine the dose--response for human infection.

*T. gondii* infection often remains asymptomatic in humans, depending on the strain (see later), but if primary infection is acquired during pregnancy, it can cause serious health problems in the fetus and may lead to abortion, stillbirth, or, in live‐born children, chorioretinitis, hydrocephalus or microcephalus, and intracerebral calcifications. Infected children who are healthy at birth may develop chorioretinitis later in life. In immunocompromised hosts with T‐cell defects, such as patients with haematologic malignancies, organ transplant recipients, AIDS patients, and patients receiving immunosuppressive therapy, toxoplasmosis may manifest as potentially fatal encephalitis, pneumonitis, and myocarditis. *T. gondii* infection in immunocompetent individuals has long been perceived as harmless (depending on the strain of the parasite), as the acute phase of infection usually passes asymptomatically or with symptoms limited to mild fever‐like symptoms (Opsteegh et al., [2015](#efs25495-bib-0205){ref-type="ref"}). However, it is now recognised that ocular toxoplasmosis is not necessarily only a (late) sequela of a congenital infection, but may result from postnatally acquired infection (Weiss and Dubey, [2009](#efs25495-bib-0285){ref-type="ref"}). It has been estimated that at least two‐thirds of human ocular toxoplasmosis cases in Europe may have acquired the infection postnatally (Gilbert and Stanford, [2000](#efs25495-bib-0103){ref-type="ref"}). Moreover, a series of fatal cases of *T. gondii* infection in immunocompetent individuals was reported from French Guiana (Carme et al., [2009](#efs25495-bib-0027){ref-type="ref"}), demonstrating that some strains may be associated with more severe symptoms of acquired toxoplasmosis. In addition, *T. gondii* infection has been associated with various behavioural changes, including schizophrenia (Yolken et al., [2009](#efs25495-bib-0290){ref-type="ref"}), but a causal relationship has not yet been established.

Disease‐burden estimates due to *T. gondii* infections in various countries have demonstrated the overall high public health impact of toxoplasmosis. *T. gondii* was the pathogen with the highest disease burden, at both the population and individual levels, based on a calculation of DALYs in the Netherlands (Havelaar et al., [2012](#efs25495-bib-0123){ref-type="ref"}), but dropped to third place based on new estimates made for 14 food‐borne diseases in 2016 (Mangen et al., [2017](#efs25495-bib-0176){ref-type="ref"}) (dropping from 3,520 to 1,903 DALYs per year), using the newly available European disability weights (Haagsma et al., [2015](#efs25495-bib-0118){ref-type="ref"}). *T. gondii* ranked third in Europe and contributed 17.6% to the total burden of food‐borne diseases in Europe in 2010 (Havelaar et al., [2015](#efs25495-bib-0124){ref-type="ref"}). Toxoplasmosis also ranks highly regarding the disease burden in the USA (Batz et al., [2012](#efs25495-bib-0012){ref-type="ref"}) and worldwide (Torgerson and Mastroiacovo, [2013](#efs25495-bib-0271){ref-type="ref"}).

*T. gondii* strains vary in virulence for mice, and the introduction of molecular typing methods has shown that mice‐virulent strains could be linked to a single clonal genotype, whereas less virulent *T. gondii* strains were genetically more diverse. Most human and livestock strains belonged to three clonal lineages (type I, II and III). In Europe, type II strains dominate in humans and animals (Ajzenberg et al., [2005](#efs25495-bib-0003){ref-type="ref"}), whereas *T. gondii* strains from South America seem to be more diverse and linked to greater virulence in humans (Frazão‐Teixeira et al., [2011](#efs25495-bib-0091){ref-type="ref"}). Moreover, in French Guiana, severe and fatal cases of respiratory syndromes have been described in immunocompetent human cases caused by a *T. gondii* (Demar et al., [2007](#efs25495-bib-0052){ref-type="ref"}). The highly virulent atypical strains, although not circulating in Europe yet -- as far as we know -- have also been the cause of congenital and fatal cases in Europe. One of these European patients consumed raw horse meat imported from South America (Pomares et al., [2011](#efs25495-bib-0216){ref-type="ref"}). The import of non‐frozen, vacuum‐packed fresh meat products of beef and horse from South America to Europe could be considered to be an emerging threat for public health, because beef and horse meat are sometimes consumed undercooked or even raw, and more virulent strains of *T. gondii* could be introduced to Europe this way.

Food‐borne transmission is considered to be the main mode for transmission of *T. gondii* to humans. Tissue cysts and tachyzoites of *T. gondii* are responsible for infections via meat and milk, respectively (Jones and Dubey, [2010](#efs25495-bib-0136){ref-type="ref"}), and sporulated oocysts in the environment can contaminate fresh produce, shellfish, and water (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}; Opsteegh et al., [2014](#efs25495-bib-0204){ref-type="ref"}) and infect humans after consumption (Figure [3](#efs25495-fig-0003){ref-type="fig"}).

![Food‐borne transmission pathways for *Toxoplasma gondii*](EFS2-16-e05495-g003){#efs25495-fig-0003}

### 3.2.2. Methods of detection in food {#efs25495-sec-0050}

There are several methods available to detect *T. gondii* tachyzoites, bradyzoites, and oocysts in or on food products. Most of these methods involve an isolation and concentration stage prior to applying the direct detection methods on the test samples. Molecular‐based assays are very commonly used to show the presence of *T. gondii* DNA in samples, whereas information on viability and infectivity can be determined using mouse or cat bioassays and *in vitro* culture methods. Table [5](#efs25495-tbl-0005){ref-type="table"} contains a summary overview of the main detection methods (direct and indirect) used in food products, with further information on these assays given in Appendix [F](#efs25495-sec-1006){ref-type="sec"} and in the specific sections below.

###### 

Summary overview of the main detection methods for *Toxoplasma gondii* in food products

  Detection Method                                Type of food                                                                                            Direct/indirect   Demonstration of viability/infectivity   Comments
  ----------------------------------------------- ------------------------------------------------------------------------------------------------------- ----------------- ---------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cat bioassay                                    Meat, shellfish, milk products                                                                          Direct            Yes                                      Seronegative cats fed test samples of food and their faeces checked for oocysts, and blood for seroconversion. Cats can be fed large quantities of food
  Mouse bioassay                                  Meat, shellfish, milk products                                                                          Direct            Yes                                      Homogenates of food samples are inoculated into mice followed by clinical monitoring and demonstration of *T. gondii* in body tissues and seroconversion
  PCR                                             Meat, fresh produce, shellfish and milk products                                                        Direct            No                                       The B1 gene and the 529 bp repeat element are the most common targets. Various systems are used; conventional, nested and real‐time PCR. A magnetic capture‐based PCR technique detects 1 tissue cyst in 100 g of meat. In addition, sporulated oocysts can be identified using RT‐PCR
  Loop‐mediated isothermal amplification (LAMP)   Meat, fresh produce                                                                                     Direct            No                                       Unlike PCR, amplification products from LAMP cannot be sequenced. Recent adaptation to a lateral‐flow dipstick method for rapid results
  Microscopy                                      Meat, fresh produce                                                                                     Direct            No                                       Detection based on morphology and staining using specific conjugated antibodies. Limited sensitivity for direct use on food samples, but useful to confirm infection on mouse and cat bioassays. Technique is labour intensive and requires an experienced technician
  *In vitro* culture                              Liquid samples where tachyzoites or bradyzoites may be present, e.g. meat homogenates or milk samples   Direct            Yes                                      Tachyzoites and bradyzoites (tissue cysts) may be cultured in a wide variety of cell lines with vero cells being commonly used. *In vitro* cultures are mostly used to prepare antigen or for strain isolation after bioassays. Not common to use directly on food samples
  Specific antibodies                             Liquid samples from meat juices where antibodies may be present. Blood samples from food animals        Indirect          No                                       The detection of specific antibodies in food animals confirms the animal has been infected with *T. gondii* and has had an immune response to the parasite. The correlation of seropositivity and the presence of tissue cysts vary according to different livestock species
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#### 3.2.2.1. Detection methods in fresh produce {#efs25495-sec-0051}

*T. gondii* oocysts shed by the definitive hosts, felines, are spread in the environment. Food matrices that are exposed to the environment (e.g., fresh produce) can be contaminated by oocysts and these foods are another source of human infections. A few studies have linked acute human toxoplasmosis outbreaks to the ingestion of oocysts (Teutsch et al., [1979](#efs25495-bib-0267){ref-type="ref"}; Stagno et al., [1980](#efs25495-bib-0259){ref-type="ref"}; Benenson et al., [1982](#efs25495-bib-0014){ref-type="ref"}; Bowie et al., [1997](#efs25495-bib-0018){ref-type="ref"}; Ekman et al., [2012](#efs25495-bib-0081){ref-type="ref"}), and one of them identified green vegetables as the probable infection vehicle (Ekman et al., [2012](#efs25495-bib-0081){ref-type="ref"}).

Detection of *T. gondii* oocysts in food and environmental samples is very challenging because of difficulties in separating and concentrating them from complex matrices, such as raw vegetables. An immunomagnetic separation assay (IMS Toxo) targeting the cell wall of *T. gondii* oocysts has been developed by Hohweyer et al. ([2016](#efs25495-bib-0129){ref-type="ref"}) but is not commercially available. Based on the methods used for other protozoa, possible methods for *T. gondii* detection in water, soil and food (fruit and vegetables) have been proposed by Dumètre and Dardé ([2003](#efs25495-bib-0069){ref-type="ref"}). In addition to conventional microscopy, PCR or quantitative PCR methods, a LAMP assay has been developed and used to detect *T. gondii* in experimentally contaminated ready‐to‐eat baby lettuce. The detection limit of this method was approximately 25 oocysts per 50 g of lettuce leaves (Lalle et al., [2018](#efs25495-bib-0159){ref-type="ref"}).

To date, there are no standard detection methods for *T. gondii* oocysts in fresh produce.

#### 3.2.2.2. Detection methods in milk and dairy products {#efs25495-sec-0052}

Tachyzoites of *T. gondii* can be shed in the milk of acutely infected animals; thus, raw milk and raw milk products may pose a risk of infection to consumers.

The main detection methods used on raw milk samples involve the detection of *T. gondii* DNA using PCR‐based tests, most commonly targeting the 529 bp repeat element (Bezerra et al., [2015](#efs25495-bib-0015){ref-type="ref"}; de Santana Rocha et al., [2015](#efs25495-bib-0242){ref-type="ref"}; da Silva et al., [2015](#efs25495-bib-0252){ref-type="ref"}; Vismarra et al., [2017](#efs25495-bib-0282){ref-type="ref"}) or the B1 gene (Dehkordi et al., [2013](#efs25495-bib-0051){ref-type="ref"}).

Detection of *T. gondii* DNA using PCR‐based methods does not provide evidence of parasite viability, and hence risk of infection following consumption of the milk products. Other techniques have been used to investigate parasite viability in milk and dairy products, including: cell culture viability assay measuring the cytopathic effect of *T. gondii* tachyzoites on HEp‐2 cells (Koethe et al., [2017](#efs25495-bib-0151){ref-type="ref"}); mouse bioassay where mice are inoculated with samples and then checked for seroconversion and or presence of parasites; and cat bioassay where cats are fed samples of milk and or cheese and then their faeces tested for the presence of oocysts (Dehkordi et al., [2013](#efs25495-bib-0051){ref-type="ref"}; Dubey et al., [2014](#efs25495-bib-0067){ref-type="ref"}).

A commercial ELISA test has been used to evaluate the presence of *T. gondii* antibodies in bulk milk samples from goats. The analysis showed that milk samples were a useful alternative to serological tests and could be more easily applied to look for seroprevalence of *T. gondii* (Gazzonis et al., [2018](#efs25495-bib-0098){ref-type="ref"}), but were less useful for detecting *T. gondii* tachyzoites shed in milk.

#### 3.2.2.3. Detection methods in molluscan shellfish {#efs25495-sec-0053}

Molluscan shellfish, including clams, mussels, oysters and scallops, are filter feeders that trap phytoplankton in their gills. The process of filter feeding may also result in the concentration of waterborne pathogens such as *T. gondii* oocysts that can survive for long periods of time in both fresh and salt water (Lindsay and Dubey, [2009](#efs25495-bib-0165){ref-type="ref"}). Consumption of *T. gondii* oocyst‐contaminated, undercooked, molluscan shellfish may pose a risk to consumers.

Samples of whole tissues or organs (e.g., gills or mantle), may be used to sample the bivalves, and pools of individual samples are often used for the analysis. DNA is extracted from homogenised tissues and used for molecular detection of *T. gondii* DNA using PCR‐based tests, with the majority of investigations targeting the B1 gene (Putignani et al., [2011](#efs25495-bib-0220){ref-type="ref"}; Aksoy et al., [2014](#efs25495-bib-0005){ref-type="ref"}; Marquis et al., [2015](#efs25495-bib-0178){ref-type="ref"}; Cong et al., [2017](#efs25495-bib-0039){ref-type="ref"}; Ghozzi et al., [2017](#efs25495-bib-0101){ref-type="ref"}). There is little information concerning whether it is better to sample particular organs or use whole tissue; therefore, it may be best to recommend sampling of whole tissue. It would also be helpful to have better validation data for the techniques employed, to investigate recovery rates and limits of detection, and to harmonise the tissue samples being tested. A recent paper described the first report of the presence of *T. gondii* sporulated oocysts in samples taken from commercially sourced green lipped mussels (*Perna canaliculus*) (Coupe et al., [2018](#efs25495-bib-0047){ref-type="ref"}). *T. gondii* sporozoite‐specific mRNA was detected using a reverse transcriptase‐PCR (RT‐PCR) assay targeting a 71‐bp fragment of the SporoSAG gene. Detection of sporulated oocysts in this context is important as, if the oocysts detected are sporulated, they can be infectious for other hosts.

#### 3.2.2.4. Detection methods in meat {#efs25495-sec-0054}

*T. gondii* tissue cysts in meat are an important source of human infection. Different techniques are available for detecting the presence of *T. gondii* tissue cysts. Depending on the characteristics of the method (e.g., discrimination between viable and non‐viable parasites), and the performance (i.e., sensitivity and specificity) of the method, the results obtained with different methods should be evaluated differently. Moreover, these methods are not suitable for routine testing.

Mouse bioassay and PCR are the most commonly used direct detection methods, followed by microscopy and cat bioassay (Opsteegh et al., [2016a](#efs25495-bib-0206){ref-type="ref"}). Direct detection methods can be used to detect *T. gondii* in various food samples (meat, milk, fresh produce, oysters, water), although validation of methods for food other than meat has rarely been described.

#### 3.2.2.5. Infectivity and viability assessment of *Toxoplasma gondii* in food {#efs25495-sec-0055}

The infectivity and viability of *T. gondii* in food can be assessed by bioassays (cat or mouse), or, in principle, by *in vitro* culture techniques (Appendix [F](#efs25495-sec-1006){ref-type="sec"}). Bioassays are a sensitive technique to determine the infectivity of *T. gondii*, although there are ethical concerns with using animals for these tests. Swiss‐Webster and severe combined immunodeficiency (SCID) mice are most commonly used to assess the infectivity and viability of *T. gondii*, with the mice monitored for seroconversion and for the presence of the parasite in their tissues.

Cell culture methods are another alternative to assess *T. gondii* viability. Microscopic examination, looking for changes in oocysts morphology and evidence of intact sporozoites, may also be applied to assess the viability of individual oocysts.

Excystation techniques, where the *T. gondii* oocyst wall is opened *in vitro* using sonication or bead beating and then the sporocyst wall disrupted by incubation in a digestive solution containing bile salts to release the sporozoites, may be used to assess viability (Rousseau et al., [2018](#efs25495-bib-0234){ref-type="ref"}).

Moreover, tests for the viability and virulence of recovered oocysts must be developed. A recent RT‐PCR assay has been developed that targets the sporozoite surface marker (SporoSAG) indicating that the oocysts were sporulated and therefore capable of infecting other hosts (Coupe et al., [2018](#efs25495-bib-0047){ref-type="ref"}).

#### 3.2.2.6. Concluding remarks on detection methods {#efs25495-sec-0056}

The most commonly used detection methods for meat are mouse bioassay, followed by cat bioassay and PCR‐based methods (Opsteegh et al., [2016a](#efs25495-bib-0206){ref-type="ref"}). The bioassays have the advantage that they can detect viable and infective *T. gondii* in contrast to PCR‐based methods, but have the disadvantage that they require the use of experimental animals and are expensive. In 2010, a more sensitive PCR‐based method was published that can detect one tissue cyst in 100 g of meat (Opsteegh et al., [2010](#efs25495-bib-0202){ref-type="ref"}). In contrast to meat, only limited detection methods are available for fresh produce, milk, and other food products, and these have not been validated. Indirect assays, based on the detection of *T. gondii‐*specific antibodies, are only applicable to animals and not food products.

### 3.2.3. Occurrence and survival of *T. gondii* in food {#efs25495-sec-0057}

#### 3.2.3.1. Occurrence and survival of *T. gondii* in fresh produce {#efs25495-sec-0058}

In Europe, Lass et al. ([2012](#efs25495-bib-0160){ref-type="ref"}) reported the presence of *T. gondii* on vegetables from shops and home gardens in Poland with a contamination rate of 9.7%. In this study, the fresh produce was washed and the eluate concentrated using a flocculation method. Afterwards, real‐time PCR targeting the B1 gene was used for specific *T. gondii* detection. Caradonna et al. ([2017](#efs25495-bib-0026){ref-type="ref"}) investigated the prevalence of *T. gondii* in ready‐to‐eat packaged mixed salads by microscopy examination and PCR detection. Although *Toxoplasma* oocysts were not detected by microscopy, PCR results revealed that 0.8% of pooled ready‐to‐eat salads were *T. gondii* positive, and a high oocyst burden was found in those pooled samples (ranging from 62 to 554 per gram of vegetable, based on extrapolation from a qPCR standard curve). In these studies, the general approach of recovery and detection method followed three steps: (i) wash the samples; (ii) concentrate the parasites (e.g., filtration and centrifugation); and (iii) PCR detection or microscopy examination.

In conclusion, although only a few studies have investigated the occurrence of *T. gondii* in fresh produce, the parasite has been detected on vegetables and fruit. More research is needed to evaluate the recovery of oocysts (de Souza et al., [2016](#efs25495-bib-0257){ref-type="ref"}) and the sensitivity and specificity of the detection methods.

##### Survival in fresh produce {#efs25495-sec-0059}

Sporulated oocysts are very resistant to environmental conditions, including freezing (28 days in water at −21°C), and can survive for up to 54 months in cold water and up to 18 months after deposition in soil (Jones and Dubey, [2010](#efs25495-bib-0136){ref-type="ref"}), indicating that oocysts can also survive for long periods on fresh produce.

#### 3.2.3.2. Occurrence and survival of *T. gondii* in milk and dairy products {#efs25495-sec-0060}

Consumption of raw milk, whey and fresh cheese prepared from animals infected with *T. gondii* may provide a route for transmission to people (Dubey et al., [2014](#efs25495-bib-0067){ref-type="ref"}; Boughattas, [2017](#efs25495-bib-0016){ref-type="ref"}), and consumption of raw milk from infected goats has been linked to human infection and disease (Sacks et al., [1982](#efs25495-bib-0239){ref-type="ref"}; Chiari and Neves, [1984](#efs25495-bib-0035){ref-type="ref"}).

The stage of the parasite likely to be present in milk is the tachyzoite, which is directly shed in the milk and comparatively fragile compared with the other lifecycle stages. *T. gondii* tachyzoites are not thought to survive pasteurisation (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}) and would also be vulnerable to the low pH in gastric secretions (Pocock et al., [2013](#efs25495-bib-0214){ref-type="ref"}).

*T. gondii* has been detected in raw milk from infected animals using a variety of techniques, mainly using PCR, tissue culture, and *in vivo* bioassays (Dehkordi et al., [2013](#efs25495-bib-0051){ref-type="ref"}). A recent study sampled 21 milk samples taken from three different sheep farms in southern Italy and found one milk sample to be positive using a PCR assay (Vismarra et al., [2017](#efs25495-bib-0282){ref-type="ref"}). A previous study in Italy looking at goat milk found 13% of 77 samples to be positive using a *T. gondii*‐specific PCR test (Mancianti et al., [2013](#efs25495-bib-0175){ref-type="ref"}). Milk samples collected from 80 ewes 1 month after term in Slovakia were tested using a *T. gondii*‐specific PCR and 9 samples were found to be positive (Luptakova et al., [2015](#efs25495-bib-0169){ref-type="ref"}). *T. gondii* DNA was detected in 43--65% of milk samples collected from goats (n = 60) in southwest Poland (Sroka et al., [2017](#efs25495-bib-0258){ref-type="ref"}). Lower detection levels were reported in another study in eastern Poland where *T. gondii* DNA was detected in raw milk samples from 10 cattle (n = 63), 1 sheep (n = 27) and 1 goat (n = 29) (Cisak et al., [2017](#efs25495-bib-0036){ref-type="ref"}).

##### Survival in milk and dairy products {#efs25495-sec-0061}

Detection of *T. gondii* using molecular techniques will confirm the presence of specific DNA and this is the technique reported in the majority of studies looking at the occurrence of *T. gondii* in milk. Tissue culture or *in vivo* bioassay can be used to determine the viability and infectivity of the parasite and therefore the potential risk to consumers. Although tachyzoites are considered to be relatively fragile compared with other transmission stages, a recent study (Koethe et al., [2017](#efs25495-bib-0151){ref-type="ref"}), showed that *T. gondii* tachyzoites were able to survive for at least 1 h in gastric fluids that were mixed with different volumes of experimentally spiked cow\'s milk samples. The mixture of milk and gastric fluids increased the overall pH, enabling survival of the tachyzoites, potentially long enough to enable passage through the stomach and gain entry to the intestine where they could infect the host.

Further studies have looked at the survival of *T. gondii* tachyzoites in spiked milk samples and shown that tachyzoites could remain viable for several days (Walsh et al., [1999](#efs25495-bib-0283){ref-type="ref"}; Kalani et al., [2016](#efs25495-bib-0140){ref-type="ref"}). Milk samples collected from experimentally infected goats were found to contain viable *T. gondii* using bioassays. Similar results were obtained for fresh cheese made from this milk by cold enzyme treatment (Dubey et al., [2014](#efs25495-bib-0067){ref-type="ref"}).

#### 3.2.3.3. Occurrence and survival of *T. gondii* in molluscan shellfish {#efs25495-sec-0062}

Oocysts shed from the faeces of infected cats can be washed into fresh water and, thus, to the sea. Due to the ability of molluscan shellfish, such as clams, oysters, mussels, scallops and cockles, to filter large volumes of water (10--15 L/h) they can concentrate oocysts within their tissues.

Consumption of raw shellfish products was recognised as a risk factor for *T. gondii* infection in the USA (Jones et al., [2009](#efs25495-bib-0137){ref-type="ref"}). A survey of Mediterranean mussels (*Mytilus galloprovincialis*) collected from eight different sites on the west coast of Turkey found 9.4% (n = 795) to be positive for *T. gondii* using a PCR assay (Aksoy et al., [2014](#efs25495-bib-0005){ref-type="ref"}). A study looking at the presence of *T. gondii* in a range of different farmed shellfish in Italy (Putignani et al., [2011](#efs25495-bib-0220){ref-type="ref"}) found the presence of positive DNA samples using a nested PCR assay and a fluorescent amplicon generation real‐time PCR assay using the B1 target in 17% of *Crassostrea gigas* and 4% of *Tapes decussates*.

##### Survival in molluscan shellfish {#efs25495-sec-0063}

The oocyst stage of *T. gondii* has a very tough outer shell and can survive for long periods of time in the environment outside the host. *T. gondii* oocysts can survive and remain viable at 4°C in fresh water for up to 54 months (Dubey, [1998](#efs25495-bib-0063){ref-type="ref"}) and in seawater at for 24 months (Lindsay and Dubey, [2009](#efs25495-bib-0165){ref-type="ref"}).

*T. gondii* oocysts were found to be viable in eastern oysters (*Crassostrea virginica*) for up to 85 days (Lindsay et al., [2001](#efs25495-bib-0166){ref-type="ref"}) and in mussels (*Mytilus galloprovincialis*) for 3 days (Arkush et al., [2003](#efs25495-bib-0009){ref-type="ref"}). *T. gondii* DNA was found in California mussels (*Mytilus californicus*) near to where cases of toxoplasmosis had been identified in Californian sea otters (Miller et al., [2008](#efs25495-bib-0189){ref-type="ref"}).

A recent study looked at the uptake of *T. gondii* oocysts by migratory feeding fish such as northern anchovies (*Engraulis mordax*) and Pacific sardines *(Sardinops sagax*), and found that in controlled experimental conditions, both species of fish were able to filter *T. gondii* oocysts out of seawater with the parasite persisting inside the fish alimentary canals (Massie et al., [2010](#efs25495-bib-0179){ref-type="ref"}). Therefore, these fish could help to transmit this parasite from near shore to pelagic marine environments.

#### 3.2.3.4. Occurrence and survival of *T. gondii* in meat {#efs25495-sec-0064}

The main livestock species, such as cattle, small ruminants, pigs, poultry and horses, are sources for meatborne toxoplasmosis. The prevalence of *Toxoplasma* in meat‐producing animals can therefore be an indication of the risk to humans. Many studies (Tenter et al., [2000](#efs25495-bib-0266){ref-type="ref"}) use indirect detection methods (serology) to estimate the seroprevalence to *T. gondii*, but serology can only be used to estimate risk of human infection if there is a correlation between seroprevalence and the presence of tissue cysts in meat. Opsteegh et al. ([2016a](#efs25495-bib-0206){ref-type="ref"}) assessed this correlation for the main livestock species in an extensive literature review. The probability of detecting parasites in seropositive animals was highest for pigs (58.8%), followed by chickens (53.4%), sheep and goats (39.4% and 35.0%), and was lowest in horses and cattle. These data suggest that the correlation between the detection of antibodies to *T. gondii* and direct detection of the parasite is high in pigs, small ruminants, and chickens. For these species, the use of serology can help to identify a risk to the consumer, but serology may not be so useful with other animal species, such as horses and cattle. Moreover, due to the occurrence of serological non‐responders, with tissue cysts were also described in sero‐negative pigs (4.9%), sheep and goats (1.8% and 2.0%), and chickens (1.8%), a seronegative result does not necessarily mean that the meat is free of *T. gondii*. Therefore, serology cannot be used for individual carcass control in pigs, chickens and small ruminants.

The similar rates of detection of *T. gondii* in seropositive cattle (3.6%) and horses (8.8--13.8%) and seronegative cattle (2.4%) and horses (2.4--32.0%) implies that, for these species, detection of antibodies does not reflect the public health risk. From a public health perspective, the lack of information on the prevalence of *T. gondii* tissue cysts in horses and cattle was an important data gap as beef is a major meat source in many European countries and horse meat in some (e.g. France and Italy). Furthermore, beef and horse meat are more often consumed undercooked or raw than pork or poultry (Opsteegh et al., [2016a](#efs25495-bib-0206){ref-type="ref"}).

This information is of importance to evaluate the studies using serology to detect *T. gondii* in meat samples. Many serological studies have been published (e.g. reviewed by Tenter et al., [2000](#efs25495-bib-0266){ref-type="ref"}) and seroprevalence can rank between a few to more than 80% in pigs and small ruminants, depending on the husbandry system. This indicates that pork and mutton are important meat sources of *Toxoplasma* infection for humans. In the Netherlands, a quantitative risk assessment was performed for meatborne toxoplasmosis, and this revealed that beef (rather than pork or mutton) contributed to 67% of the predicted human cases. Although the prevalence of *Toxoplasma* in cattle was only 2%, as detected by magnetic capture (MC)‐PCR using 100 g of heart, the amount of beef eaten ‐and eaten raw ‐was much higher than that of mutton, according to food consumption data for the Dutch population. Moreover, pork in the Netherlands mostly originated from farms with controlled housing and is usually eaten well cooked (Opsteegh et al., [2011](#efs25495-bib-0203){ref-type="ref"}). The viability of bradyzoites in PCR‐positive cattle is of relevance, but Opsteegh et al. ([2016b](#efs25495-bib-0207){ref-type="ref"}) confirmed that 1.6% of cattle (6/385) were bioassay positive, indicating the presence of viable tissue cysts and thus a potential risk to consumers.

##### Survival in animals and meat {#efs25495-sec-0065}

In the intermediate host, little information is available about the reactivation of tissue cysts. Intact tissue cysts probably persist for the life of the host (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}) and in livestock animals this means that tissue cysts can survive until slaughter. Opsteegh et al. ([2016a](#efs25495-bib-0206){ref-type="ref"},[b](#efs25495-bib-0207){ref-type="ref"}) showed that viable *T. gondii* were detected by bioassay in slaughtered pigs, laying hens, cattle and horses.

#### 3.2.3.5. Concluding remarks on occurrence and survival of *T. gondii* in food {#efs25495-sec-0066}

*T. gondii* can infect all warm‐blooded animals and the parasite will persist within tissue cysts, in most animals, for the lifetime of the host. Meat‐producing animals may harbour *T. gondii* cysts in their tissues and can pose a risk to consumers of rare and undercooked meat from those animals. Assessing the infection risk from meat‐producing animals involves the application of direct detection methods using molecular‐based diagnostics and the use of bioassays on samples of the tissues. The prevalence of exposure to *T. gondii* in livestock species can be determined indirectly through assessment of *T. gondii‐*specific antibodies in blood samples. The correlation between detection of specific antibodies to *T. gondii* and direct detection of the parasite in tissues is variable between different food‐animal species and thus, may not always be a useful indicator of consumer risk. Consumer preferences for consumption of rare meat from particular animal species (e.g., cattle) will increase the public health risk from this animal species compared with other food‐animal species, such as chicken or pork that are not usually consumed rare. Husbandry practices will also influence the likelihood of *T. gondii* infection in food animals; e.g. pigs reared outdoors are more likely to come into contact with *T. gondii* than those reared in controlled housing. Viable tissue cysts of *T. gondii* can be found at slaughter in tissues from *T. gondii*‐infected meat‐producing animals. *T. gondii* tissue cysts in meat can be inactivated though cooking (\> 66°C) or by freezing (\< −12°C).

*T. gondii* oocysts have a very tough outer shell wall and can survive for long periods in the environment outside the host, including in water (54 months) and in the soil (18 months). Molecular diagnostics have been used to show the occurrence of *T. gondii* as a faecal contaminant of fresh produce and also in the tissues of molluscan shellfish and migratory fish that filter water containing *T. gondii* oocysts. *T. gondii* oocysts can remain viable in the tissues of eastern oysters (*Crassostrea virginica*) for up to 85 days.

Raw milk, whey and fresh cheese made from animals infected with *T. gondii* may act as a vehicle of transmission through tachyzoites shed in the milk. The majority of studies in this area have shown the presence of *T. gondii* in raw milk samples from infected goats and sheep, although *T. gondii* has also been found in cows' milk. Studies looking at the survival of *T. gondii* in milk have shown that the parasite can remain viable for several days. *T. gondii* tachyzoites in spiked milk samples remained viable for at least 1 h in gastric fluids, thus enabling them to survive long enough to pass through the stomach and into the intestine where they could establish infection. Pasteurisation or ultraheat treatment will inactivate *T. gondii* tachyzoites and therefore these types of dairy products will be unlikely to be transmission vehicles for *T. gondii*.

### 3.2.4. Relative importance of food‐borne pathways {#efs25495-sec-0067}

The complex lifecycle of *T. gondii* results in specific transmission characteristics. The parasite has different infectious stages that have different pathways; i.e. bradyzoites transmitted via meat, oocysts transmitted via environmental contamination (including fresh produce), and tachyzoites transmitted via milk consumption, congenital transmission, and, to a lesser extent, blood donation. Any warm‐blooded animal can be a reservoir for the parasite, and even molluscan shellfish may pose a risk to consumers as mechanical vectors.

Table [6](#efs25495-tbl-0006){ref-type="table"} provides an overview of different methods to perform *T. gondii* source attribution.

In addition to the methods summarised in Table [6](#efs25495-tbl-0006){ref-type="table"}, a discriminative serological method has been developed that, in the acute phase, can determine whether an infection has been due to sporozoites from *T. gondii* oocysts, and can therefore distinguish between human infections transmitted from oocysts in the environment and meatborne infections. The methods have not been successfully implemented in epidemiological studies in Europe; only in North and South America (Boyer et al., [2011](#efs25495-bib-0019){ref-type="ref"}; Hill et al., [2011](#efs25495-bib-0126){ref-type="ref"}; Robert‐Gangneux and Dardé, [2012](#efs25495-bib-0223){ref-type="ref"}).

###### 

Different source attribution approaches for *Toxoplasma gondii*

  Source attribution approach    Comments
  ------------------------------ -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Epidemiological studies        Several case--control studies on toxoplasmosis have been conducted; outbreaks are relatively rare or, at least, rarely noticed and documented
  Subtyping                      So far, subtyping methods have shown that there is insufficient genetic heterogeneity in Europe for using subtyping to discriminate infection routes. This might change when more discriminative methods are used, as was recently demonstrated in France
  Comparative risk assessment    Several comparative risk assessments provided evidence on the relative contribution of different meat products, but did not enable a definition of the relative contribution of meatborne toxoplasmosis vs other transmission routes
  Expert knowledge elicitation   To date, the most frequently applied approach for attributing *T. gondii* to major transmission routes
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#### 3.2.4.1. Epidemiological studies {#efs25495-sec-0068}

Due to the public health relevance of the parasite, extensive epidemiological research on *T. gondii* has been conducted in recent decades (Petersen et al., [2010](#efs25495-bib-0211){ref-type="ref"}). In a systematic review and meta‐analysis of 11 case--control studies, Belluco et al. ([2017](#efs25495-bib-0013){ref-type="ref"}) identified three risk factors significantly associated with acute *T. gondii* infection in humans; consumption of raw/undercooked meat, raw/undercooked beef and raw/undercooked sheep meat. Consumption of raw/undercooked pork, raw eggs and unpasteurised milk proved to be non‐significant risk factors. In England and Wales, Said et al. ([2017](#efs25495-bib-0240){ref-type="ref"}) found a significant association between beef consumption and acute toxoplasmosis. In the USA, Jones et al. ([2009](#efs25495-bib-0137){ref-type="ref"}) found exposure to certain raw or undercooked foods (raw ground beef; rare lamb; locally produced cured, dried, or smoked meat; and unpasteurised goats' milk) and exposure to kittens to be significant risk factors for *T. gondii* infection. Studies that also include the prevalence of exposure to food products can be used to extrapolate to the population‐attributable fraction, as reported by Cook et al. ([2000](#efs25495-bib-0045){ref-type="ref"}). In this European case--control study, depending on the centre, 30--63% of new infections in pregnant women were attributed to meat and 6--17% to soil.

*T. gondii* outbreaks are rare, or, at least, rarely noticed and documented, because acute illness often involves aspecific clinical signs such as fever, headache, and enlarged lymph nodes, although more *T. gondii*‐specific clinical signs may be observed later, such as retinochoroiditis (Batz et al., [2012](#efs25495-bib-0012){ref-type="ref"}; Painter et al., [2013](#efs25495-bib-0209){ref-type="ref"}). Documented outbreaks are mostly waterborne because this transmission route will probably result in a larger and more easily identified outbreak. One of the best documented outbreaks occurred among more than 100 individuals in British Columbia, Canada, and was associated with municipal drinking water (Bowie et al., [1997](#efs25495-bib-0018){ref-type="ref"}). An outbreak in 2001 in Santa Isabel do Ivaí, Brazil, was also attributed to a contaminated municipal reservoir (Vaudaux et al., [2010](#efs25495-bib-0279){ref-type="ref"}; Silveira et al., [2015](#efs25495-bib-0253){ref-type="ref"}). A toxoplasmosis outbreak, assumed to be waterborne, in Coimbatore, Tamil Nadu, India resulted in around 250 patients with acquired retinitis in around 2003 (Balasundaram et al., [2010](#efs25495-bib-0011){ref-type="ref"}). The source of a more recent outbreak among 171 boarding school students in Izmir, Turkey, remained unidentified (Doganci et al., [2006](#efs25495-bib-0062){ref-type="ref"}).

An additional method that is available to study source attribution for *Toxoplasma* is based on the specific identification of *T. gondii* infections from oocysts. *T. gondii* embryogenesis‐related protein (TgERP) elicits an antibody response in humans (and also mice and pigs), who have previously been exposed to sporulated oocysts, therefore identifying individuals that have been infected with this stage of the parasite (Hill et al., [2011](#efs25495-bib-0126){ref-type="ref"}; Burrells et al., [2016](#efs25495-bib-0021){ref-type="ref"}). Among 176 individuals with unknown infection route and within 6--8 months of an initial oocyst‐acquired infection, antibody to TgERP was detected in 31 of them (17.6%) indicating that this assay was useful to identify oocyst‐derived infections (i.e. excreted from felids). None of the controls was positive.

Boyer et al. ([2011](#efs25495-bib-0019){ref-type="ref"}) applied an oocyst‐specific antibody assay to quantify the risk of acquiring *T. gondii* from environmental sources vs meat. Among 76 pregnant women in the USA with a recent *T. gondii* infection, 78% had oocyst‐specific antibodies, indicating that environmental contamination plays an important role in the transmission of this parasite. A further study conducted on samples collected from blood donors in Scotland looked at those blood donors that had shown evidence of recent seroconversion to *T. gondii* and found that only one out of the 10 samples was positive for specific antibodies to sporozoites using the *T. gondii* sporozoite specific antigen assay (Burrells et al., [2016](#efs25495-bib-0021){ref-type="ref"}). Both studies indicate that oocyst‐derived infections from cats are of importance.

#### 3.2.4.2. Subtyping {#efs25495-sec-0069}

In Europe, clonal lineage type II strains dominate in humans and animals (Su et al., [2012](#efs25495-bib-0260){ref-type="ref"}). The use of subtyping data for source attribution is therefore currently less feasible than for other parasites. However, a discriminatory microsatellite‐based method has been described that can differentiate *T. gondii* type II isolates (Verma et al., [2015](#efs25495-bib-0281){ref-type="ref"}) and in a French study it was shown that these microsatellite‐types differed in rural and urban areas (Ajzenberg et al., [2015](#efs25495-bib-0503){ref-type="ref"}). Moreover, the introduction of atypical more virulent *T. gondii* strains originating from South America could be identified by molecular typing tools. Subtyping is useful to identify more virulent strains from South America, but for distinguishing among the subtypes most commonly occurring in Europe, more sensitive methods are required.

#### 3.2.4.3. Comparative risk assessment {#efs25495-sec-0070}

Facilitated by the large amount of occurrence data on *T. gondii* presence in different meat animals and meat products, several comparative risk assessments have been conducted. These studies provided evidence on the relative contribution of different meat products, but did not allow the relative contribution of meatborne toxoplasmosis vs other transmission routes to be defined.

Opsteegh et al. ([2011](#efs25495-bib-0203){ref-type="ref"}) quantified the relative contribution of sheep, beef, and pork products to human *T. gondii* infections in the Netherlands. Despite a low prevalence of infection in cattle, consumption of beef was found to be the most important source of meatborne infection, followed by a near equal contribution of pork and sheep. Guo et al. ([2015](#efs25495-bib-0504){ref-type="ref"}) performed a qualitative risk assessment of meatborne toxoplasmosis in the United States, suggesting that exposure associated with meats from free‐range chickens, and non‐confinement‐raised pigs, goats, and lamb were higher than those from caged chickens and confinement‐raised pigs and cattle. Finally, Belluco et al. ([2018](#efs25495-bib-0505){ref-type="ref"}) compared the relative risk of *T. gondii* exposure through bovine meat vs pork in Italy. As in the Netherlands, bovine meat was found to be a more likely route of transmission to consumers than pig meat.

#### 3.2.4.4. Expert knowledge elicitation {#efs25495-sec-0071}

To date, expert knowledge elicitation remains the most frequently applied approach for attributing *T. gondii* to major transmission routes (i.e., transmission via food, water, soil, person‐to‐person contact, or animal contact). For *T. gondii*, food transmission would mostly occur via oocyst‐contaminated fresh produce or shellfish or via the meat of tissue cyst‐infected food‐producing animals. National studies conducted in some North American and European countries assumed the food‐borne attribution proportion to be approximately 50% (Table [7](#efs25495-tbl-0007){ref-type="table"}). Other studies conducted in North America, and only considering food‐borne transmission, applied similar food‐borne proportions (Mead et al., [1999](#efs25495-bib-0184){ref-type="ref"}; Scallan et al., [2011](#efs25495-bib-0244){ref-type="ref"}). Havelaar et al. ([2008](#efs25495-bib-0122){ref-type="ref"}) in the Netherlands estimated environmental contamination to be the second most important transmission route (36% (95% UI 6--66%) vs 56% (95% UI 26--88%) food‐borne transmission), whereas Butler et al. ([2015](#efs25495-bib-0022){ref-type="ref"}) in Canada estimated animal contact to be the second most important transmission route (34% (95% UI 7--81%) vs 51% (95% UI 9--83%) food‐borne transmission). The expert knowledge elicitation conducted by FERG in the context of the global burden of food‐borne disease study, yielded food‐borne attribution proportions within the European region ranging from 45% (95% UI 23--76%) to 61% (95% UI 35--82%) (Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}). Soil contact (18% (95% UI 0--40%) to 37% (95% UI 1--58%)) and waterborne transmission (15% (95% UI 2--35%) to 23% (95% UI 3--41%)) were estimated to be the other major transmission routes.

Two national studies also provided expert knowledge elicitation estimates of the contribution of specific food groups to food‐borne toxoplasmosis. In the United States, pork was estimated to be the major food source (41%), followed by beef (23%), game (20%) and fresh produce (7%). In the Netherlands, the major food sources were estimated to be pork (50%), beef and lamb (23%), and fruit and vegetables (6%). Within the context of the global burden of food‐borne disease study, the major food sources in the European region were estimated to be beef (25--38%), vegetables (17--22%), pork (12--13%) and meat from small ruminants (9--18%) (Hoffmann et al., [2017](#efs25495-bib-0128){ref-type="ref"}) (Figure [4](#efs25495-fig-0004){ref-type="fig"}).

###### 

Examples of studies using expert knowledge elicitation for attribution of human toxoplasmosis to main transmission routes

  Country                                        Food           Water         Person‐to‐person                             Animal contact   Soil          Reference
  ---------------------------------------------- -------------- ------------- -------------------------------------------- ---------------- ------------- -------------------------------------------------------------------------------------------------------
  EUR A[a](#efs25495-note-0011){ref-type="fn"}   61% (35--82)   19% (2--36)   N/A[d](#efs25495-note-0014){ref-type="fn"}   1% (0--21)       18% (0--40)   Hald et al. ([2016](#efs25495-bib-0119){ref-type="ref"})
  EUR B[b](#efs25495-note-0012){ref-type="fn"}   45% (23--76)   15% (2--35)   N/A                                          1% (0--20)       37% (1--58)   Hald et al. ([2016](#efs25495-bib-0119){ref-type="ref"})
  EUR C[c](#efs25495-note-0013){ref-type="fn"}   53% (31--78)   23% (3--41)   N/A                                          1% (0--20)       22% (1--41)   Hald et al. ([2016](#efs25495-bib-0119){ref-type="ref"})
  Canada                                         51% (9--83)    9% (1--26)    3% (0--11)                                   34% (7--81)      N/A           Butler et al. ([2015](#efs25495-bib-0022){ref-type="ref"})
  Greece                                         50% (30--63)   N/A           N/A                                          N/A              N/A           Gkogka et al. ([2011](#efs25495-bib-0104){ref-type="ref"})
  Netherlands                                    56% (26--88)   N/A           1% (0--1)                                    3% (0--3)        N/A           Havelaar et al. ([2008](#efs25495-bib-0122){ref-type="ref"}, [e](#efs25495-note-0015){ref-type="fn"})

EUR A: Andorra, Austria, Belgium, Croatia, Cyprus, the Czech Republic, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Israel, Italy, Luxembourg, Malta, Monaco, the Netherlands, Norway, Portugal, San Marino, Slovenia, Spain, Sweden, Switzerland, the United Kingdom.

EUR B: Albania, Armenia, Azerbaijan, Bosnia and Herzegovina, Bulgaria, Georgia, Kyrgyzstan, Montenegro, Poland, Romania, Serbia, Slovakia, Tajikistan, The Former Yugoslav Republic of Macedonia, Turkey, Turkmenistan, Uzbekistan.

EUR C: Belarus, Estonia, Hungary, Kazakhstan, Latvia, Lithuania, Republic of Moldova, Russian Federation, Ukraine.

N/A = not available.

Havelaar et al. ([2008](#efs25495-bib-0122){ref-type="ref"}) also considered 'environment' as a transmission route, defined as transmission through contaminated water (drinking water, recreational water), soil, air or other environmental media, and accounting for 36% (6--66) of total transmission.
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![Expert knowledge elicitation estimations of the contribution of specific foods to the disease burden of *Toxoplasma gondii* (Hoffmann et al., [2017](#efs25495-bib-0128){ref-type="ref"})\
The dots represent the median estimate; the black line the 90% uncertainty interval; and the grey line the 95% uncertainty interval. EUR A: Andorra, Austria, Belgium, Croatia, Cyprus, the Czech Republic, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Israel, Italy, Luxembourg, Malta, Monaco, the Netherlands, Norway, Portugal, San Marino, Slovenia, Spain, Sweden, Switzerland, the United Kingdom; EUR B: Albania, Armenia, Azerbaijan, Bosnia and Herzegovina, Bulgaria, Georgia, Kyrgyzstan, Montenegro, Poland, Romania, Serbia, Slovakia, Tajikistan, the former Yugoslav Republic of Macedonia, Turkey, Turkmenistan, Uzbekistan; EUR C: Belarus, Estonia, Hungary, Kazakhstan, Latvia, Lithuania, Moldova, Russia, Ukraine.](EFS2-16-e05495-g004){#efs25495-fig-0004}

#### 3.2.4.5. Concluding remarks on relative importance of food‐borne transmission pathways {#efs25495-sec-0072}

Available information suggests that food‐borne transmission accounts for 40--60% of the *T. gondii* infections. The major contributing food sources are meat (beef, pork, and small ruminant meat) and vegetables.

Subtyping methods have shown limited applicability due to insufficient genetic heterogeneity in Europe, although some more recent studies using different molecular methods, for example, targeting those genes with variable number tandem repeats, have been able to distinguish between European strains (Moretta et al., [2018](#efs25495-bib-0506){ref-type="ref"}). Several comparative risk assessments have provided evidence on the relative contribution of different meat products, but did not enable the definition of the relative contribution of meatborne toxoplasmosis vs other transmission routes. Several case--control studies on toxoplasmosis have been conducted; outbreaks are relatively rare, or, at least, rarely noticed and documented. When it comes to attributing *T. gondii* to major transmission routes, expert knowledge elicitation is the most applied methodology.

The relative importance of the main transmission routes, meaning via the environment (oocyst‐borne) or via meat (tissue cyst‐borne) is still a major issue and can currently only be answered with expert knowledge elicitation, which has the drawback that this is not data‐driven. Another approach with high potential is to use population‐based studies where patients with acute infections are tested by the sporozoite‐specific assay. When the test results are positive, this indicates that the infection has been derived via oocysts. So far, limited studies have been published in the USA and Latin America, but none from Europe.

QMRA‐based methods have been described for meatborne toxoplasmosis. Different meat products have been identified, and, based on food consumption data and cultural habits, raw beef is considered to be the most important meat source in the Netherlands and Italy. Nevertheless, QMRAs describing the environmental pathway (fresh produce) are lacking, and therefore the relative attribution of the different pathways using the risk assessment approach is still unclear.

### 3.2.5. Consumer practices contributing to infection {#efs25495-sec-0073}

Some consumer preferences may increase the likelihood of infection with *T. gondii*, such as consumption of raw, very rare or undercooked meat. In the Netherlands, a QMRA model study showed that more than 30% of all meatborne infections were attributable to the consumption of a raw beef product (filet americain) (Opsteegh et al., [2011](#efs25495-bib-0203){ref-type="ref"}).

Consumer preferences for buying meat from animals raised outside, particularly pork, may increase the likelihood of exposure to infectious bradyzoites in tissue cysts if consumed raw/undercooked, due to the greater probability that these animals will be infected with *T. gondii*.

Consumer practices of drinking raw milk, particularly milk from goats, or eating fresh cheeses made from raw milk may also increase the likelihood of risk to consumers. The consumption of fresh produce that cannot be properly washed, or consumption of raw shellfish (e.g., oysters), may increase the likelihood of exposure to infectious oocysts.

### 3.2.6. Current control methods for food‐borne transmission and likely impacts {#efs25495-sec-0074}

Two main transmission routes to humans can be extrapolated from the *T. gondii* lifecycle: (1) via tissue‐cysts in meat and meat products from food‐producing animals such as beef, pork, mutton, chicken and horse meat or wild/game meat and (2) via oocyst‐contaminated food products such as fresh produce, raw oysters/mussels and drinking water. In addition, tachyzoites can be found in raw milk. Knowledge of the transmission routes of *T. gondii* and the survival of the different stages of the parasite in the environment and in different food products will help to devise strategies to reduce and prevent the infection of people.

#### 3.2.6.1. Control of meatborne transmission {#efs25495-sec-0075}

##### Prevention of infection {#efs25495-sec-0076}

Risk factors for *T. gondii* seropositivity in food‐producing animals have been identified (Opsteegh et al., [2015](#efs25495-bib-0205){ref-type="ref"}) and measures to prevent infection in food‐producing animals include measures such as: keeping the animals indoors; keeping cats away from farms, feed, and bedding production and storage; providing clean drinking water and blocking access to surface water; implementing strict rodent control; and refraining from feeding offal and raw goat whey are considered important, although intervention studies are rare. In industrialised pig‐production systems, these measures are generally implemented and indoor farming has drastically reduced the prevalence of *T. gondii* infection in pigs (Dubey, [2009](#efs25495-bib-0064){ref-type="ref"}) which is considered to be an important factor in the decrease of seroprevalences observed in human populations. With the current tendency towards welfare‐friendly outdoor reared systems, animals are more likely to become infected with *T. gondii*, thus increasing the likelihood of exposure of the consumer. Pigs and chickens with outdoor access have a higher risk of being *T. gondii* positive (van der Giessen et al., [2007](#efs25495-bib-0102){ref-type="ref"}; Schares et al., [2017](#efs25495-bib-0245){ref-type="ref"}). For outdoor‐reared animals (e.g., pigs, horses, cattle, and sheep), it is unlikely that prevention measures can substantially reduce the prevalence of infection. For these animals, vaccination would be a more feasible option. However, a vaccine aimed at preventing tissue cyst formation is currently not on the market (Opsteegh et al., [2015](#efs25495-bib-0205){ref-type="ref"}). The only veterinary vaccine available for *T. gondii* (Toxovax^®^) is licensed for the prevention of *T. gondii* abortions in sheep. As the vaccine prevents dissemination of parasites to the placenta, it has been also shown to prevent dissemination to other tissues and thereby to reduce tissue cyst development (Katzer et al., [2014](#efs25495-bib-0142){ref-type="ref"}). The same vaccine has also been found to reduce *T. gondii* tissue cysts significantly in experimentally infected pigs (Burrells et al., [2015](#efs25495-bib-0020){ref-type="ref"}). Nevertheless, a different type of vaccine would be preferable, as the current sheep vaccine is based on an attenuated live strain of *T. gondii* (S48) with a short shelf life. Moreover, it is potentially hazardous to the person administering the vaccine (Opsteegh et al., [2015](#efs25495-bib-0205){ref-type="ref"}).

To increase the feasibility of preventing infection in food animals, large‐scale screening to identify high‐risk farms (identifying farms with a high number of seropositive animals) could be implemented, after which the preventive measures could be limited to seropositive farms. This strategy could be particularly useful in pig production, as seropositive pigs are often only found on a limited number of farms (Opsteegh et al., [2015](#efs25495-bib-0205){ref-type="ref"}). This strategy can be adjusted depending on animal species and prevalence.

##### Control measures {#efs25495-sec-0077}

There are currently no control methods for *Toxoplasma* available during meat inspection. Visual meat inspection cannot identify tissue cysts in the tissues of infected animals as they are normally only identifiable by microscopy. Therefore, serological testing of slaughtered animals could be used to identify *T. gondii* infected animals. However, this may only be useful when there is a good correlation between seropositivity and the presence of tissue cysts in the meat (see also in Section [3.2.3.4](#efs25495-sec-0064){ref-type="sec"}). So far, although the correlation is high in pigs and small ruminants, tissue cysts are also found in 5% of seronegative pigs. Therefore, serology cannot be used to identify individual animals and screening at the primary production level might be a better option for pigs and broilers in order to identify high‐risk flocks and herds. If specific risk factors could be identified for high‐risk herds (pigs and broilers), control options could be implemented to reduce the seropositivity. Furthermore, pigs from high‐risk farms at the slaughterhouse could be treated with validated cyst‐inactivating methods, whereas carcasses from seronegative herds would not need treatment (EFSA BIOHAZ Panel, [2011](#efs25495-bib-0073){ref-type="ref"}). This possibility needs to be further evaluated by cost‐benefit analyses (van Asseldonk et al., [2017](#efs25495-bib-0010){ref-type="ref"}). In the case of small ruminants, where the risk was identified as high, identifying risk factors at the farm level will not lead to a reduction of the risk (EFSA BIOHAZ Panel, [2013a](#efs25495-bib-0074){ref-type="ref"}). In cattle, the risk was identified as undetermined by EFSA (EFSA BIOHAZ Panel, [2013d](#efs25495-bib-0077){ref-type="ref"}) because only limited data were available for assessment, but recently more studies showed that cattle can harbour viable tissue cysts in their meat (Opsteegh et al., [2016b](#efs25495-bib-0207){ref-type="ref"}) and quantitative risk assessment studies in the Netherlands and Italy have shown that beef contributes substantially to human infections (Opsteegh et al., [2011](#efs25495-bib-0203){ref-type="ref"}; Belluco et al., [2018](#efs25495-bib-0505){ref-type="ref"}). Inactivation of tissues cysts within meat products might be the only practical possibility for beef. At the slaughtering plant, hygienic measures during slaughter should be taken to minimise exposure to abattoir workers.

Several methods can be applied to decontaminate meat containing *T. gondii* bradyzoites (Franssen et al., [2018](#efs25495-bib-0090){ref-type="ref"}). Heating and freezing meat at −12°C for 2 days will render tissue cysts nonviable (Kotula et al., [1991](#efs25495-bib-0155){ref-type="ref"}), as will γ‐irradiation (effective doses varying from 0.4 to 0.7 kGy have been reported), and high‐pressure processing at 300 MPa or more (Lindsay et al., [2006](#efs25495-bib-0167){ref-type="ref"}). Meat should be cooked thoroughly until the internal temperature has reached 66°C. Cooking times will vary with thickness and type of meat (Dubey et al., [1990](#efs25495-bib-0066){ref-type="ref"}). Cooking temperature and *T. gondii* bradyzoite concentration in muscle impacted most on the risk of transmission to humans (Condoleo et al., [2018](#efs25495-bib-0038){ref-type="ref"}). Microwave cooking is considered unreliable for inactivating viable tissue cysts because of hot and cold spots due to the physics of microwaves (Lundén and Uggla, [1992](#efs25495-bib-0168){ref-type="ref"}). Consumer acceptance may be a problem because of actual or perceived effects on colour, texture, and taste of the meat. In addition, the use of γ‐irradiation and high‐pressure processing may be restricted by legislation, and may incur high costs (Opsteegh et al., [2015](#efs25495-bib-0205){ref-type="ref"}). The feasibility of decontamination can be improved by limiting measures to high‐risk meat products. In a QMRA for meatborne *T. gondii* infections, including 50 meat products, nine unheated meat products contributed 40% of the predicted infections (Opsteegh et al., [2011](#efs25495-bib-0203){ref-type="ref"}). Opsteegh et al. ([2015](#efs25495-bib-0205){ref-type="ref"}) defined high‐risk meat products as: (1) meat destined for preparation of raw meat products (such as raw sausages, carpaccio, or steak tartare) and products that are more likely to be eaten undercooked (e.g., beef steak, lamb chops); (2) meat from animals with outdoor access; or, after implementation of screening on the animal or farm level, (3) meat from animals infected with *T. gondii* or; (4) meat from animals originating from farms with a high *T. gondii* prevalence. These definitions could also be combined, e.g. focusing on decontamination of meat to be eaten raw or partially undercooked (1) from high‐risk farms (4). Salting, curing and smoking can reduce the viability of tissue cysts, but there is too much variability under household conditions that these methods are not considered safe (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}). There are reports that salt cured meat will reduce the risk of *T. gondii* infectivity despite the variability of the manufacturing parameters, with the risk reduction being related to a longer curing time (Pott et al., [2013](#efs25495-bib-0218){ref-type="ref"}). Another study has found viable *T. gondii* in dry cured ham samples (Gomez‐Samblas et al., [2015](#efs25495-bib-0112){ref-type="ref"}).

#### 3.2.6.2. Control of oocyst‐contaminated food {#efs25495-sec-0078}

Besides basic hygiene measures when preparing food, including washing hands carefully especially after gardening or emptying the cat litter tray, washing raw vegetables, and cleaning utensils and knives that have come into contact with raw meat in hot soapy water to help kill *T. gondii* bradyzoites and not using surface water for irrigation of fresh produce, there are no specific testing or control measures described to produce *T. gondii*‐safe fresh vegetables. In addition, there are also no specific guidelines on safe depuration times for shellfish to clear them of *T. gondii* oocysts.

Recently, the Codex Alimentarius amended the general guidelines for the control of food‐borne parasites in food, describing some basic concepts of food hygiene throughout the food chain, but guidelines for testing food‐producing animals or specific food products for *T. gondii* are not yet in place.

#### 3.2.6.3. Concluding remarks on control measures {#efs25495-sec-0079}

Specific control measures to prevent human exposure to *T. gondii* are still not in place. The relative importance of the main transmission routes remains to be determined and the cultural habits and consumer preferences will affect the likelihood of consumer exposure and will influence the effectiveness of control measures. So far, in Europe, only Cook et al. ([2000](#efs25495-bib-0045){ref-type="ref"}) presented the population‐attributable fractions in different countries and suggested that meat contributed to 30--61% to human infections. Control measures to reduce meatborne infections might be relevant. However, more knowledge of the oocyst‐driven pathways is also relevant.

In food‐producing animals, serological screening of livestock might be useful to identify *Toxoplasma*‐positive farms. These farms then need to take measures to reduce exposure of the food‐producing livestock to *T. gondii*. For swine and small ruminants, serology can be useful to identify *T. gondii*‐positive animals, but this is not useful for cattle since there is no correlation between seropositivity and the presence of tissue cysts. In addition, control measures at the farm level to reduce the exposure of ruminants are very difficult.

Another approach is vaccination, which has been shown to be a feasible approach for sheep and pigs, with tissue cyst formation reduced or absent after vaccination.

Another possibility is decontamination of meat and meat products, such as freezing meat intended for raw consumption.

Heating is also an effective control measure; e.g., pasteurisation and ultra‐heat treatment of milk or cooking meat products.

A further measure could be to develop a vaccine for use in cats that would prevent or reduce the shedding of oocysts into the environment although the feasibility of such an approach should be studied first. Keeping cats away from areas and water sources used for the production of fresh produce would also help to reduce the likelihood of oocyst contamination.

Knowledge of the key transmission routes is important for the development of education programmes to help inform high‐risk groups of people, particularly pregnant women and immunocompromised individuals.

3.3. *Echinococcus* spp {#efs25495-sec-0080}
-----------------------

### 3.3.1. Characteristics, including relevant food vehicles for transmission {#efs25495-sec-0081}

The tapeworm genus *Echinococcus* is composed of a minimum of nine, probably more, species, some of which contain distinctive genotypes or strains (Nakao et al., [2013](#efs25495-bib-0199){ref-type="ref"}; Lymbery, [2017](#efs25495-bib-0170){ref-type="ref"}). All are transmitted in two‐host lifecycles (Figures [5](#efs25495-fig-0005){ref-type="fig"} and [6](#efs25495-fig-0006){ref-type="fig"}), where the adult (worm) stages are intestinal parasites of mammals of the order Carnivora (definitive hosts), and the larval stages are tissue parasites of a wide range of mammal species (intermediate hosts and dead‐end hosts). *Echinococcus* spp. are trophically transmitted: definitive hosts shed parasite eggs, each containing an infectious larva (oncosphere), with their faeces into the environment, where they may contaminate food or feed and be inadvertently ingested by the (mainly herbivorous) intermediate hosts. Following ingestion, the oncospheres hatch in the small intestine of the intermediate host, invade the circulatory system, and are transported into various organs. In suitable locations (often the liver and the lungs), they develop into metacestodes, which take the form of large cysts or conglomerates of small vesicles (depending on the species of *Echinococcus*). Inside the metacestodes, embryonic tapeworm heads (protoscolices) are produced in large numbers. Following ingestion of metacestode‐infected organs by the definitive hosts (together with the intermediate host or its infected organs), the protoscolices grow into adult worms in the small intestine of the definitive host. After a few weeks, the adult worms start producing eggs (Thompson et al., [2017](#efs25495-bib-0268){ref-type="ref"}).

All *Echinococcus* species are transmitted either in predator--prey systems (for wildlife cycles) or by domestic dogs feeding on offal from slaughtered livestock or on animal carcasses (Romig et al., [2017](#efs25495-bib-0233){ref-type="ref"}). Definitive hosts are mainly canids (members of the dog family, including domestic dogs), but for some *Echinococcus* spp., felids (members of the cat family) may also act as definitive hosts. The intermediate hosts are species that are frequently preyed upon or eaten by the definitive hosts. Some *Echinococcus* spp. have wide intermediate host ranges and infect a large number of unrelated mammals (including humans), but others are restricted to a few host species and are probably not zoonotic.

The adult stages of the parasites do not cause disease in the definitive hosts, are comparatively short‐lived (majority \< 3 months, though some worms can persist longer with a relative low egg production), and are highly susceptible to anthelmintic treatment (praziquantel, epsiprantel). In contrast, metacestodes develop in the organs of the intermediate hosts, may grow (expansive or invasive) to considerable dimensions, and cause disease due mainly to the occupation of space that leads to organ failure. Size, growth pattern and pathogenicity vary greatly according to the species of *Echinococcus* and the host species. Treatment options of metacestode infection include invasive surgical interventions, percutaneous therapy, and long‐term treatment with benzimidazoles (usually albendazole) that have a parasitostatic effect. There are limited data about the incubation times for the various *Echinococcus* spp. in human patients. It varies significantly between patients, with estimates ranging from several months to many years, depending on the immune competence, organ location, *Echinococcus* species, and unknown factors (Kern et al., [2017](#efs25495-bib-0145){ref-type="ref"}).

Humans acquire *Echinococcus* infection by oral uptake of infective eggs. Transmission has been hypothetically linked to water or food‐borne sources (vegetables/fruit/berries), but any source attribution is uncertain due to the long incubation time (see Section [3.3.4.5](#efs25495-sec-0101){ref-type="sec"}). Hand‐to‐mouth is a putative route of transmission, after contact with *Echinococcus* eggs in the environment. *Echinococcus* eggs can be dispersed from carnivore faeces with water or by adhering to objects (e.g., hooves of sheep, shoes and tyres). It has been speculated that birds and flies could be possible vectors (Lawson and Gemmell, [1990](#efs25495-bib-0162){ref-type="ref"}). As *Echinococcus* eggs can adhere to the coats of infected dogs or foxes, there is an obvious risk originating from direct contact with definitive hosts. Furthermore, dogs rolling in faeces can be externally contaminated without being infected. Proglottids of *E. multilocularis* have been found and documented in the peri‐anal region of a naturally infected dog (Deplazes et al., [2004](#efs25495-bib-0057){ref-type="ref"}), and examination of the hair coat of 46 foxes revealed taeniid eggs in 11 animals, with three cases confirmed to be *E. multilocularis* (Nagy et al., [2011](#efs25495-bib-0198){ref-type="ref"}). These data indicate the variety of potential infection routes to humans.

![*Echinococcus multilocularis* lifecycle in Europe](EFS2-16-e05495-g005){#efs25495-fig-0005}

![*Echinococcus granulosus* s.l. lifecycle in Europe](EFS2-16-e05495-g006){#efs25495-fig-0006}

Human echinococcosis can be caused by different species (strains or genotypes) of *Echinococcus* (Table [8](#efs25495-tbl-0008){ref-type="table"}), which lead to drastically diverging diseases: AE is caused by *E. multilocularis*, and CE by various species and genotypes of *E. granulosus* s.l. Both diseases require different clinical management (diagnosis, treatment options), which is a fact that is often not recognised in health systems (Kern et al., [2017](#efs25495-bib-0145){ref-type="ref"}). In addition, the lifecycles of the causative parasites show significant differences in terms of host animals (wild or domestic species) and geographical occurrence, which directly relate to significantly different risks for either disease in any one area.

###### 

*Echinococcus* spp., strains and genotypes in Europe and their occurrence and/or severity of disease

+---------------------------------------------------------------------+--------------------------------------------------------------+---------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------------------+
| *Echinococcus* species                                              | *Echinococcus* strains or *E. granulosus* s.l. genotypes (G) | Definitive hosts                                                    | Intermediate hosts                                                                                                     | Main European endemic areas                                                           | Human disease clinical severity, (+, ++, +++)                                                     |
+=====================================================================+==============================================================+=====================================================================+========================================================================================================================+=======================================================================================+===================================================================================================+
| *E. multilocularis*                                                 | European genotype[a](#efs25495-note-0016){ref-type="fn"}     | Fox, dog, raccoon dog, (cat)[a](#efs25495-note-0016){ref-type="fn"} | Arvicolids and other rodents                                                                                           | Central and eastern Europe, from southern Sweden to the Alps and the Balkan peninsula | Alveolar echinococcosis                                                                           |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       |                                                                                                   |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       | +++                                                                                               |
+---------------------------------------------------------------------+--------------------------------------------------------------+---------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------------------+
| *E. granulosus* sensu stricto (s.s.)                                | Sheep strains (G1, G3)                                       | Dog (fox)[b](#efs25495-note-0017){ref-type="fn"}                    | Sheep, cattle,[c](#efs25495-note-0018){ref-type="fn"} pigs and other herbivores[c](#efs25495-note-0018){ref-type="fn"} | Southern and eastern Europe, sporadic elsewhere                                       | Cystic echinococcosis                                                                             |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       |                                                                                                   |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       | +++                                                                                               |
+---------------------------------------------------------------------+--------------------------------------------------------------+---------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------------------+
| *E. ortleppi*                                                       | Cattle strain (G5)                                           | Dog                                                                 | Cattle                                                                                                                 | Sporadic in central and southern Europe                                               | Cystic echinococcosis                                                                             |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       |                                                                                                   |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       | \+[d](#efs25495-note-0019){ref-type="fn"}                                                         |
+---------------------------------------------------------------------+--------------------------------------------------------------+---------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------------------+
| *E. canadensis*                                                     | Cervid strains (G8, 10)                                      | Wolf (dog)                                                          | Cervids                                                                                                                | Northern and north‐eastern Europe                                                     | Cystic echinococcosis                                                                             |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       |                                                                                                   |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       | \+[d](#efs25495-note-0019){ref-type="fn"}                                                         |
+---------------------------------------------------------------------+--------------------------------------------------------------+---------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------------------+
| *E. intermedius* (proposed species, synonym, *E. canadensis* group) | Pig strain (G7)                                              | Dog (wolf)                                                          | Pigs, goats                                                                                                            | Baltic states, Poland, Corsica, Sardinia; Greece, sporadic elsewhere                  | Cystic ECHINOCOCCOSIS                                                                             |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       |                                                                                                   |
|                                                                     |                                                              |                                                                     |                                                                                                                        |                                                                                       | +++                                                                                               |
+---------------------------------------------------------------------+--------------------------------------------------------------+---------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------------------+
| *E. equinus*                                                        | Horse strain (G4)                                            | Dog                                                                 | Equines                                                                                                                | Sporadic in all European regions                                                      | The first human case recently reported (Timur et al., [2018](#efs25495-bib-0269){ref-type="ref"}) |
+---------------------------------------------------------------------+--------------------------------------------------------------+---------------------------------------------------------------------+------------------------------------------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------+---------------------------------------------------------------------------------------------------+

Genotype assemblages based on mitochondrial gene sequences.

Mostly low worm numbers with very low egg production.

Mostly with strongly reduced protoscolex formation in the cysts often resulting in infertile cysts.

Very few, mostly historic cases.
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#### 3.3.1.1. Alveolar echinococcosis {#efs25495-sec-0082}

AE is caused by the metacestode of *E. multilocularis*. The parasite is widely distributed in the temperate and cold regions of the northern hemisphere (Deplazes et al., [2017](#efs25495-bib-0060){ref-type="ref"}), where it exploits predator--prey systems, largely between wild canids and small mammals (mainly rodents). *E. multilocularis* is not divided into any subspecific taxa, although different genotypes have been described and geographical correlations have been proposed. The highly unequal impact on public health in different regions worldwide has been hypothetically linked to different genotypes, but data are insufficient and partially contradictory (Romig et al., [2017](#efs25495-bib-0233){ref-type="ref"}).

In most temperate regions, red foxes (*Vulpes vulpes*) are the main definitive hosts, but coyotes (*Canis latrans*), jackals (*C. aureus*), wolves (*C. lupus*) and raccoon dogs (*Nyctereutes procyonoides*) may contribute to the lifecycle in some regions. Arctic foxes (*Vulpes lagopus*) are the main definitive hosts in Arctic and sub‐Arctic regions (Romig et al., [2017](#efs25495-bib-0233){ref-type="ref"}). Domestic dogs are susceptible to intestinal infection and, although the prevalence of infection in dogs in Europe is generally low, they may contribute locally to the lifecycle due to their large population size. The principal impact of domestic dogs is, however, associated with transmission of the parasite to humans due to close contact (Hegglin and Deplazes, [2013](#efs25495-bib-0125){ref-type="ref"}). Domestic cats are not well suited as definitive hosts as they do not shed large numbers of eggs (Kapel et al., [2006](#efs25495-bib-0508){ref-type="ref"}). They are not important for the lifecycle, but some contribution to human infection by cats cannot be excluded.

A large number of rodents and other small mammals has been recorded as intermediate hosts, although the epidemiological importance of the individual species is only clear in a few regions (Romig et al., [2017](#efs25495-bib-0233){ref-type="ref"}). In Europe, common voles (*Microtus arvalis*) are key intermediate hosts, but a number of other rodents are also susceptible (e.g., water voles, bank voles, muskrats). Apart from these lifecycle‐appropriate intermediate hosts, *E. multilocularis* infects a number of dead‐end hosts, where metacestode growth ranges from abortive without causing disease (e.g. pigs, horses) to progressive, eventually being fatal (e.g., humans, other primates, dogs) (Romig et al., [2017](#efs25495-bib-0233){ref-type="ref"}).

Compared with other species of *Echinococcus*,*E. multilocularis* metacestodes have a deviant morphology: rather than forming a fluid‐filled cyst, they grow in the form of small vesicles, which are densely packed with protoscolices and have the potential to infiltrate the surrounding host tissue continuously throughout life. The primary location for metascestodes is almost always the liver. Macroscopically, the appearance and pathology of the metacestodes are comparable to slow‐growing malignant tumours, which include their capacity to form metastases in distant organs at a progressed stage of the disease. Curative treatment for human patients is restricted to surgical removal of the metacestode at an early stage of development (when the parasite is usually still non‐symptomatic). At later stages of the disease (around 50% of cases at first diagnosis), further metacestode growth can be prevented in most patients by continuous (life‐long) treatment with benzimidazoles (usually albendazole) (Kern et al., [2017](#efs25495-bib-0145){ref-type="ref"}). Survival analyses of AE patient cohorts in France and Switzerland documented that nowadays the patient survival after first diagnosis is reduced by only 2--3 years as compared with the unaffected general population (Torgerson et al., [2008](#efs25495-bib-0272){ref-type="ref"}; Piarroux et al., [2011](#efs25495-bib-0212){ref-type="ref"}). However, the survival time of patients is still much shorter in Lithuania; in 34.4% of AE cases, survival was less than 1 year from diagnosis, due to the initial diagnosis being at an advanced stage of the disease (Marcinkut≐ et al., [2015](#efs25495-bib-0177){ref-type="ref"}).

Based on published data, Torgerson et al. ([2015](#efs25495-bib-0273){ref-type="ref"}) estimated that 18,451 true (including underdiagnoses and underreporting) incidence of AE cases occurred in 2010, resulting in a global disease burden of 687,823 DALYs. The high number of DALYs per patient (37) reflects the severity and limited treatment options of AE (as compared with CE with \< 1 DALY per case -- see Section [3.3.1.2](#efs25495-sec-0083){ref-type="sec"}). As DALYs are strongly dependent on medical infrastructure and treatment facilities, the high global average per patient is caused by the fact that \> 90% of cases occur in (western) China. In contrast, for Switzerland, the number of DALYs per patient was estimated at 3.7, ten times less than the global estimate (Torgerson et al., [2008](#efs25495-bib-0272){ref-type="ref"}).

In Europe, the most recent EUSR on zoonoses and food‐borne outbreaks listed 415 laboratory‐confirmed cases of CE and 104 cases of AE in (EFSA and ECDC, [2017](#efs25495-bib-0079){ref-type="ref"}). However, the reported number of cases is difficult to interpret and it is not possible to compare between countries as AE is not notifiable in all European countries or in all EU Member States, in addition to diverging systems of diagnostic effort and reporting. In Germany, an evaluation of the reporting system found that the notification system failed to detect 67% of AE cases over a 3‐year period (Jorgensen et al., [2008](#efs25495-bib-0138){ref-type="ref"}). Therefore, in many areas (e.g., France, Germany), reliable baseline data are missing for a statistically based documentation of increased AE incidence (Schmidberger et al., [2018](#efs25495-bib-0248){ref-type="ref"}). However, there is convincing evidence for an emergence of AE in the last decade in some European regions (Gottstein et al., [2015](#efs25495-bib-0113){ref-type="ref"}). In Switzerland, the incidence of infection increased from 0.1 to 0.26 per 100,000 per annum between 1993 and 2005 (Schweiger et al., [2007](#efs25495-bib-0250){ref-type="ref"}). In Austria, the total new cases per year varied between 2.4 and 2.8 in the period 2001--2010. However, 13 new cases were registered in 2011 (Schneider et al., [2013](#efs25495-bib-0249){ref-type="ref"}). A steady increase in cases was reported from Poland between 1990 and 2011 (Deplazes et al., [2017](#efs25495-bib-0060){ref-type="ref"}). In Lithuania, the AE incidence increased from 0.03 per 100,000 in 2004 to 0.74 per 100,000 in 2012 (Marcinkut≐ et al., [2015](#efs25495-bib-0177){ref-type="ref"}). One reason for the increase of AE incidence may be the urbanisation of the *E. multilocularis* cycle and the contamination of highly populated areas, thereby significantly increasing the human population exposure to *E. multilocularis* eggs (Deplazes et al., [2004](#efs25495-bib-0057){ref-type="ref"}). Even if humans are regarded to be highly resistant to the development of AE (Gottstein et al., [2015](#efs25495-bib-0113){ref-type="ref"}), such ecological changes could be responsible for the relatively low (2‐ to 3‐fold) increase of AE incidence in some areas. Reports of sporadic human AE cases from southern and eastern Europe are available, but older cases are particularly difficult to verify because the diagnostic criteria used in those days may not have differentiated between AE and CE. No autochthonous cases have been reported from the UK or Scandinavia, nor from most Mediterranean countries.

#### 3.3.1.2. Cystic echinococcosis {#efs25495-sec-0083}

CE in humans is caused by various cryptic species of the *E. granulosus* (s.l.) complex (Table [9](#efs25495-tbl-0009){ref-type="table"}). Taxa within this complex were formerly identified as genotypes (G1--10) or strains of *E. granulosus*, but the substantial differences between these forms (e.g., host species, infectivity/pathogenicity to humans, morphology, developmental parameters, geography) have led to a subdivision into at least five species. For the European situation, this complex comprises *E. granulosus* sensu stricto (G1, G3 ‐ 'sheep strains'), *E. equinus* (G4, 'horse strain'), *E. ortleppi* (G5, 'cattle strain'), *E. canadensis* (G7, G8, G10, 'pig/cervid strains'). *E. canadensis* may be further subdivided in the future, and the name *E. intermedius* has been used by some authors for the pig and camel strains (G6/7) (Romig et al. [2015](#efs25495-bib-0509){ref-type="ref"}; Romig et al., [2017](#efs25495-bib-0233){ref-type="ref"}).

Globally, *E. granulosus* s.l. is responsible for the great majority of human CE worldwide, with close to 90% of surgical samples analysed worldwide belonging to this species (Alvarez Rojas et al., [2014](#efs25495-bib-0006){ref-type="ref"}). It is mainly transmitted in a domestic lifecycle, with domestic dogs as the definitive hosts and sheep as the principal intermediate hosts. However, the range of potential intermediate hosts is very wide, and other livestock species (pigs, camels, goats, and, to a lesser degree, cattle) may also become infected and contribute to transmission. In parts of its worldwide range (Deplazes et al., [2017](#efs25495-bib-0060){ref-type="ref"}), wild animals can also, to various degrees, be involved (wild canids as definitive hosts, various large wild herbivores as intermediate hosts). *E. ortleppi* is also zoonotic, but very few cases of human infection have been reported. The lifecycle is mainly domestic, involving domestic dogs and cattle, but other livestock and wild animal species have also been recorded as hosts. The *E. canadensis* 'cervid strains' (G8, G10) are basically northern wildlife parasites (involving wolves, moose, and other cervids), although dogs and domesticated reindeer can also become infected. Few human cases are on record, and infections were described as benign. The 'pig strain' of G6/7 (*E. intermedius*) occurs worldwide in mainly domestic lifecycles involving dogs and pigs (in Europe, mainly in the Baltic States, Poland, and further east). G6 and G7 have the second highest impact of all CE agents on human health, being responsible for more than 10% of the human CE cases worldwide, but may predominate regionally, e.g., in the Baltic countries and Poland (Marcinkut≐ et al., [2015](#efs25495-bib-0177){ref-type="ref"}).

Metacestodes of all species of the *E. granulosus* s.l. complex grow as fluid‐filled cysts in a large number of organs, most frequently the liver or lungs (Kern et al., [2017](#efs25495-bib-0145){ref-type="ref"}). In humans, cysts can become very large and contain several litres of fluid. Pathology is due to the occupation of space and is highly variable, depending on the location. The multi‐layered cyst wall provides a clear demarcation between parasite and host tissue, and surgical removal is usually possible, even in advanced stages of the disease. Percutaneous treatment and antiparasitic medication with benzimidazoles are alternative or accompanying treatment options. There are clear indications that clinical parameters (e.g., cyst location and size) vary between CE caused by the different *Echinococcus* species. However, most clinical data collected in the past do not differentiate between the causative genotypes or species, and recent data are too scarce to draw firm conclusions.

The latest estimate of the global public health impact of CE is 188,079 new cases per year, with a disease burden of 183,573 DALYs (Torgerson et al., [2015](#efs25495-bib-0273){ref-type="ref"}). The far lower health burden per patient (compared with AE) is due to the low mortality. In contrast to AE, there is an economic impact caused by CE in livestock, which is often difficult to quantify.

In Europe, data on human CE are fragmentary due to the lack of dedicated reporting and documentation systems. A European register is in the process of being established (Rossi et al., [2016](#efs25495-bib-0510){ref-type="ref"}). Sporadic CE cases, often imported, can be expected anywhere in Europe, but substantial numbers of cases are limited to southern and eastern Europe (Deplazes et al., [2017](#efs25495-bib-0060){ref-type="ref"}). The annual surgical incidence (per 100,000) can be as high as 9 (Northern Cyprus), 7 (Sardinia), and 4 (Sicily). In Europe, there is a general trend to reduced incidences, e.g., in Greece from 12.9 in 1984 to 0.25 in 2010 (Sotiraki et al., [2003](#efs25495-bib-0256){ref-type="ref"}). In the context of the recently completed EU project, HERACLES, high CE prevalence (based on abdominal ultrasound screening surveys) was found among inhabitants of rural villages in south‐eastern Europe. Prevalence adjusted for age and sex was 0.41% (95% CI 0.26--0.65) in Bulgaria, 0.41% (0.26--0.65) in Romania, and 0.59% (0.19--1.85) in Turkey (Tamarozzi et al., [2018](#efs25495-bib-0264){ref-type="ref"}).

### 3.3.2. Methods of detection in food {#efs25495-sec-0084}

#### 3.3.2.1. Morphological and molecular identification of *Echinococcus* eggs {#efs25495-sec-0085}

*Echinococcus* eggs, shed by definitive hosts, represent the infectious agent and therefore are the target for detection in food, mainly fresh produce that might be irrigated with contaminated water or have direct or indirect contact with faeces from infected carnivores. Eggs are dispersed from the carnivore faeces by water or by adhering to objects (e.g., hooves of sheep, shoes and tyres). It has also been speculated that birds and flies could be possible vectors (Lawson and Gemmell, [1990](#efs25495-bib-0162){ref-type="ref"}).

There is no standardised method for the isolation of *Echinococcus* eggs present on vegetables for subsequent detection, and standardisation is difficult due to the heterogeneity of substrates (food matrices) involved. Methods for the isolation of taeniid eggs from faecal samples (Conraths and Deplazes, [2015](#efs25495-bib-0042){ref-type="ref"}) can be adopted for food samples. In general, after a washing stage using low concentrations of detergents (SDS (1%) and/or Tween 80 (0.1%)), the parasites eluted in the washwater can be concentrated using flotation, sedimentation, and/or sieving steps, and then detected by microscopy. Published reports on the presence of parasite eggs on vegetables have used samples of between 100 and 300 g. So far two strategies have been used for the analysis of vegetables for contamination with *E. multilocularis* (see Appendix [G](#efs25495-sec-1007){ref-type="sec"}).

Detection of *Echinococcus* eggs isolated from any matrix is very difficult due to the similarities in morphology among all taeniid eggs, which hamper microscopy‐based genus‐specific or species‐specific identification. Therefore, microscopy‐based detection of taeniid eggs should be accompanied by PCR and sequencing using species‐specific primers. Technical challenges (cross‐contamination during sampling/processing of samples and DNA amplification) need to be addressed, especially if the eggs are not visualised in the procedure. Further, the specificity of amplification of DNA from environmental samples has to be critically validated. The sensitivity of PCR amplification is high and claimed to detect theoretically one single egg. This is convincing, as taeniid eggs contain between 18 and 56 cells (Alvarez Rojas et al., [2018](#efs25495-bib-0007){ref-type="ref"}) and it has been estimated that a single taeniid egg (based on *Taenia hydatigena*) contains around 7,000 mitochondrial targets, while the detection limit of PCRs targeting the mitochondrial DNA was estimated at 33 copies (Trachsel et al., [2007](#efs25495-bib-0274){ref-type="ref"}). A critical point that needs to be addressed is the fact that the detection of DNA from *Echinococcus* spp. isolated from eggs that have been detected in food sources does not imply that these eggs are viable (see below).

#### 3.3.2.2. Infectivity and viability assessment of *Echinococcus* spp. in food {#efs25495-sec-0086}

Various methods have been used to assess the viability of tapeworm eggs. Detection of eggs by any *in vitro* method does not necessarily indicate infectivity. Hatching of taeniid eggs using artificial gastric fluid was developed as a method to assess viability in the 1950s (Silverman, [1954](#efs25495-bib-0254){ref-type="ref"}), and has been extensively used. However, variability in egg activation was noted between samples of the same batch of eggs and the infectivity of eggs was consistently overestimated (Coman and Rickard, [1977](#efs25495-bib-0037){ref-type="ref"}). The same authors also described that as taeniid eggs age, first they lose their ability to infect, and subsequently they lose their ability to hatch and activate *in vitro*. This means that not all viable eggs are infective; hence, *in vitro* test results may overestimate infectivity. Other *in vitro* and *in vivo* methodologies used to assess the viability of taeniid eggs include the use of vital stains, oncosphere culture, and infection of intermediate hosts and laboratory animals (Williams and Colli, [1970](#efs25495-bib-0288){ref-type="ref"}; Wang et al., [1997](#efs25495-bib-0284){ref-type="ref"}; Minozzo et al., [2002](#efs25495-bib-0192){ref-type="ref"}; Kyngdon et al., [2006](#efs25495-bib-0157){ref-type="ref"}; Chapalamadugu et al., [2008](#efs25495-bib-0033){ref-type="ref"}). An elegant *in vitro* technique to assess the viability of taeniid eggs freshly collected from proglottids is their treatment with 2% sodium hypochlorite (SH‐RT) for a few minutes to dissolve their embryophore. Immature eggs are destroyed by this procedure while viable oncospheres are protected by a resistant membrane (Lightowlers et al., [1984](#efs25495-bib-0164){ref-type="ref"}). However, the results of the SH‐RT do not correlate with the *in vitro* activation and development rate of taeniids, including *E. multilocularis* (Deplazes et al., [2005](#efs25495-bib-0058){ref-type="ref"}; Moazeni and Rakhshandehroo, [2012](#efs25495-bib-0193){ref-type="ref"}; Federer et al., [2015](#efs25495-bib-0086){ref-type="ref"}). *In vivo* studies yield the most reliable results, provided that the intermediate and definitive hosts are available for the target species or an appropriate surrogate species is selected.

#### 3.3.2.3. Concluding remarks on detection methods {#efs25495-sec-0087}

There is no standardised method for the detection of infectious eggs of *Echinococcus* spp. present in food. However, in principle, there are established methods for egg isolation and genetic characterisation. As food can be contaminated with non‐viable eggs persisting in the environment, specific DNA identification does not mean that viable eggs were present in the food investigated. Therefore, there is an urgent need for the standardisation and validation of robust diagnostic strategies and for the estimation of the infection risk of *Echinococcus* spp. associated with food.

### 3.3.3. Occurrence and survival of *Echinococcus* spp. in food {#efs25495-sec-0088}

#### 3.3.3.1. Determination of food contamination {#efs25495-sec-0089}

The scientific literature provides several reports on microscopy‐based findings of taeniid eggs on vegetables, mainly in Asia and Africa, with contamination rates ranging between 0.9 and 18.3% (Alvarez Rojas et al., [2018](#efs25495-bib-0007){ref-type="ref"}). Studies performed in Norway (Robertson and Gjerde, [2001](#efs25495-bib-0226){ref-type="ref"}), France (Hohweyer et al., [2016](#efs25495-bib-0129){ref-type="ref"}), and Italy (Caradonna et al., [2017](#efs25495-bib-0026){ref-type="ref"}) did not detect taeniid eggs.

One study in an *E. multilocularis*‐endemic area in Poland used PCR to assess food contamination with *E. multilocularis* eggs (Lass et al. [2015](#efs25495-bib-0511){ref-type="ref"}). In this study, 103 samples (fruit, vegetables, mushrooms) were subjected to a procedure developed for soil samples (Szostakowska et al., [2014](#efs25495-bib-0512){ref-type="ref"}), and almost 25% of samples were found to be positive. This publication triggered some discussion in the literature, including questioning the finding of positive raspberries collected from plants at some distance from the ground (Robertson et al., [2016](#efs25495-bib-0230){ref-type="ref"}), although such contamination cannot be excluded, as flies could transport such eggs (Lawson and Gemmell, [1990](#efs25495-bib-0162){ref-type="ref"}). An investigation into the presence of cestode eggs in the washwater of fresh produce (vegetables, fruit) used as feed (Federer et al., [2016](#efs25495-bib-0087){ref-type="ref"}) was triggered by frequent cases AE in primates kept in captivity at a Swiss zoo. Egg‐DNA PCR using multiplex PCR/sequencing (Trachsel et al., [2007](#efs25495-bib-0274){ref-type="ref"}) on filtered samples of elution water revealed non‐zoonotic *Taenia* spp. of dogs, foxes or cats in 14 of the total 95 samples (each consisting of the washing of around 40 heads of lettuce in addition to a day ration of fruit and vegetables) originating from an endemic area of Switzerland. Taeniid‐DNA was further detected in 13 (28%) of 46 samples of vegetables and fruit originating from different parts of Europe, including *E*. *granulosus* s.l. (2), *Taenia crassiceps* (1), *T*. *hydatigena* (2), *Taenia multiceps/serialis* (2), *Taenia saginata* (1) and *Taenia taeniaeformis* (5). Although *E*. *multilocularis* DNA was not identified in this study, the detection of DNA of other taeniids of foxes revealed that fresh produce as feed is a potential source of *E. multilocularis* eggs for zoo primates, and thus, also, potentially, for humans.

#### 3.3.3.2. Survival of *Echinococcus* eggs {#efs25495-sec-0090}

Earlier reports showed that *Echinococcus* eggs remain viable at temperatures below zero for long periods of time, but that very low temperatures (−70 to −80°C for 96 and 48 h, respectively), inactivate the eggs (reviewed in Eckert et al., [2001](#efs25495-bib-0071){ref-type="ref"}). More specifically, *E. multilocularis* eggs are able to survive temperatures of 4°C and −18°C for 478 and 240 days, respectively (Veit et al., [1995](#efs25495-bib-0280){ref-type="ref"}) and were still infective to voles after storage for 54 days at −27°C (Schiller, [1955](#efs25495-bib-0247){ref-type="ref"}). On the other hand, *E*. *multilocularis* eggs are sensitive to higher temperatures and also to desiccation in *in vitro* conditions (Laws, [1968](#efs25495-bib-0161){ref-type="ref"}; Veit et al., [1995](#efs25495-bib-0280){ref-type="ref"}). Although they can survive temperatures of +65°C for 2 h, they were killed after 3 h +65°C at or at 70, 75 and 80°C for 30, 15 or 7.5 min, respectively (Federer et al., [2015](#efs25495-bib-0086){ref-type="ref"}).

Eggs were more resistant to elevated temperatures when suspended in water than in environments with 70% relative humidity (Federer et al., [2015](#efs25495-bib-0086){ref-type="ref"}). This is relevant, since eggs can be in water droplets on vegetables and this would extend their lifespan. Although high temperature is a lethal factor, the temperature of the soil surface rarely reaches the temperatures used in *in vitro* experiments; thus, given the Holarctic area distribution of *E*. *multilocularis*, these data might not be particularly relevant to its transmission. Indeed, *E*. *multilocularis* eggs remained viable in their natural environment in Germany for 240 days in autumn/winter and for 78 days in summer (Veit et al., [1995](#efs25495-bib-0280){ref-type="ref"}). *E*. *granulosus* s.l. eggs remained viable up to 41 months in the environment of Argentinian Patagonia (Sánchez Thevenet et al., [2005](#efs25495-bib-0241){ref-type="ref"}) and for only four winter months in New Zealand (Sweatman and Williams, [1963](#efs25495-bib-0263){ref-type="ref"}). Survival of the eggs in the environment is obviously vital for completion of the lifecycle. Furthermore, detailed knowledge on the physical resistance of taeniid eggs is relevant when assessing their inactivation in food, for modelling of transmission dynamics, and for the appropriate design of control measures. However, information on the mechanisms that allow the eggs to survive in such conditions is lacking. No data exist on the potential differences in egg tenacity between different *Echinococcus* spp., or between populations of the same species that exist in different climatic zones.

#### 3.3.3.3. Concluding remarks on occurrence and survival in food {#efs25495-sec-0091}

Classical methods based on egg isolation and morphological identification have only rarely documented the presence of taeniid eggs in food and without differentiation between *Taenia* and *Echinococcus* spp. Only recently, the detection of *Echinococcus* eggs/DNA in food using methods for egg isolation and genetic characterisation (PCR, sequencing) has documented the presence of specific *Echinococcus* DNA in food. *Echinococcus* eggs are known to survive for months in the environment, especially at low temperatures. Therefore, it can be assumed that the eggs can survive on food (fruit or vegetables) for months during storage at low temperatures or frozen (as only freezing at −80°C or heating above 70°C guarantees that the eggs are killed).

### 3.3.4. Relative importance of food‐borne pathways {#efs25495-sec-0092}

*Echinococcus* spp. are faecal--oral pathogens with red foxes and domestic dogs (*E. multilocularis*) and domestic dogs (*E. granulosus*) as major definitive hosts. The transmission of human echinococcosis hypothetically involves both direct (animal‐to‐person) and indirect routes, i.e. through hand‐to‐mouth contact after contact with the contaminated environment, or through water and food contaminated with infectious eggs. Table [9](#efs25495-tbl-0009){ref-type="table"} provides an overview of the different source attribution approaches for *Echinococcus* spp.

###### 

Different source attribution approaches for *Echinococcus* spp

  Source attribution approach    Comments
  ------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Epidemiological studies        Limited because of the long incubation period of the disease
  Subtyping                      Several studies have genotyped *E. granulosus* s.l. in livestock and human hosts; source attribution to reservoirs for *E. multilocularis* is at present not possible to perform as the various known reservoirs are not characterised by different subtypes
  Comparative risk assessment    Limited by a lack of occurrence data, particularly on contamination of foodstuffs with *Echinococcus* eggs
  Expert knowledge elicitation   May appear to be the most feasible approach, but results indicate wide uncertainty
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#### 3.3.4.1. Epidemiological studies {#efs25495-sec-0093}

A number of case--control and cross‐sectional studies identifying risk factors have been published, which have recently undergone systematic reviews and meta‐analyses for AE and CE separately (Possenti et al., [2016](#efs25495-bib-0217){ref-type="ref"}; Conraths et al., [2017](#efs25495-bib-0043){ref-type="ref"}). The results of these studies should, however, be interpreted with caution and in the light of the long incubation period of the disease.

##### E. multilocularis {#efs25495-sec-0094}

For AE, a meta‐analysis for potential risk factors has been conducted, including 6 case--control and 11 cross‐sectional studies (Conraths et al., [2017](#efs25495-bib-0043){ref-type="ref"}). The authors conclude that 'the chance of AE transmission through the ingestion of food and water contaminated with *E. multilocularis* eggs does indeed exist, but it is important to note that food‐ and waterborne potential risk factors do not significantly increase the risk of infection'. The case--control studies originated from central Europe (4), Alaska (1) and China (1), the cross‐sectional studies came predominantly from China (10), only one from central Europe. As the epidemiology of AE in China and Alaska differs from Europe, the results from the European studies included in the meta‐analysis are listed separately: Case--control studies. Four European studies are included in the meta‐analysis, of which three address food‐related potential risk factors:--Kreidl et al. ([1998](#efs25495-bib-0156){ref-type="ref"}). A study from Austria based on 21 AE patients. Only cat ownership (OR 6.47, 95% CI 1.54--27.29) and hunting (OR 7.83, 95% CI 1.16--52.77) emerged as significant risk factors (although with extremely large OR confidence intervals). Food‐related factors (eating mushrooms and/or berries) were not identified as risks.--Kern et al. ([2004](#efs25495-bib-0144){ref-type="ref"}). A study from Germany based on 40 AE patients. High ORs were related to dog ownership and farming activities (OR from 4.7 to 18.0). Any food‐related factors (eating raw produce) gave OR \< 2.5 except 'chewing grass' (OR 4.4, 95% CI 1.7--11.2).--Piarroux et al. ([2013](#efs25495-bib-0213){ref-type="ref"}). A study from France based on 180 AE patients, 164 of which lived in known AE‐endemic regions. The dominant risk factor for the latter was agricultural occupation (OR 7.33, 95% CI 3.13--20.00). Minor or no risks were associated with food (eating raw wild salads OR 1.80 95% CI 0.98--3.31); eating raw wild berries OR 0.95, 95% CI 0.33--2.50), although 'having a kitchen garden' had an OR of 5.50 (95% CI 2.52--12.66).Cross‐sectional studies. Only one study originates from Europe (Romig et al., [1999](#efs25495-bib-0232){ref-type="ref"}): 2,540 inhabitants of a rural town in southern Germany were screened with ultrasound and antibody serology. One AE patient was identified by ultrasound; nine persons were seropositive without detectable lesions. Food‐related potential risk factors (eating raw garden produce or wild berries and herbs) were less or equally prevalent among the specific seropositives compared with the seronegative inhabitants (raw garden produce: 5/10 positives and 1,790/2,530 negatives; berries and herbs: 1/10 positives and 281/2,539 negatives).

##### *E. granulosus* s.l {#efs25495-sec-0095}

For CE, 8 case--control studies and 29 cross‐sectional studies were included in a meta‐analysis (Possenti et al., [2016](#efs25495-bib-0217){ref-type="ref"}). Case--control studies originated from South America (2), North Africa/Middle East (4), Turkey (1) and Spain (1). Cross‐sectional studies included in this meta‐analysis came from China/central Asia (10), the Middle East/North Africa (8), sub‐Saharan Africa (1), South America (4), India (1), Canada (1), Turkey (3) and Greece (1). The authors conclude that 'Results from case‐control studies \[...\] do not provide significant evidence that CE is a strictly food‐ or waterborne disease' and, for the cross‐sectional studies, '\[...\] that the risk of CE transmission through the ingestion of food and water contaminated with *E. granulosus* s.l. eggs was not evidence based and is potentially anecdotal'. Results from the European studies are: Case--control studies:--One study from Spain (Campos‐Bueno et al., [2000](#efs25495-bib-0025){ref-type="ref"}), based on 127 CE cases, identified risk factors related to the size of the town/village, the number of owned dogs over the lifetime and length of time having contact with a dog (\> 30 years with family dogs: OR 5.23, 95% CI 1.91--14.34), and the feeding of dogs with raw viscera (OR 5.50, 95% CI 2.80--10.79). No significant correlation was found with the eating of raw vegetables: highest ORs were found for 'ingestion of lettuce \> 3 days per week' (OR 1.64, 95% CI 0.78--3.45) and '\> 10 years eating produce from family vegetable garden' (OR 1.22, 95% CI 0.55--2.28).--One study from Turkey (Kiper et al., [2010](#efs25495-bib-0148){ref-type="ref"}) tested genetic predisposition in humans, not food‐related factors.Cross‐sectional studies:--One study from Greece (Fotiou et al., [2012](#efs25495-bib-0089){ref-type="ref"}), screened blood samples from 542 persons using ELISA, with six seropositives. Old age and rural residence were associated with positivity, and no food‐related factors were tested.--An ultrasound survey of 6,093 Turkish school children (Ok et al., [2007](#efs25495-bib-0201){ref-type="ref"}) revealed nine CE cases. The only food‐related question was 'eating unwashed vegetables', which applied to 5 of 9 positives, and 2012 of 6,093 negatives.--A seroprevalence study in Turkey (Akalin et al., [2014](#efs25495-bib-0004){ref-type="ref"}) identified 78 ELISA seropositives among 1,133 rural inhabitants. Farming activity had high ORs, but no food‐related factors were tested.--A seroprevalence study from Turkey (Cetinkaya et al., [2005](#efs25495-bib-0028){ref-type="ref"}) screened 611 individuals with ELISA, finding 89 seropositives. No significant differences regarding potential risk factors were found between seropostives and seronegatives; no food‐related factors were tested.

#### 3.3.4.2. Subtyping {#efs25495-sec-0096}

##### E. multilocularis {#efs25495-sec-0097}

Nuclear and mitochondrial genes have been used for subtyping of *E. multilocularis*. Microsatellite analysis, using repetitive sequences in the nuclear genome, have documented high variability. The use of mitochondrial genes for subtyping has clearly distinguished at least four genotype assemblages (Asian, Mongolian, North American, and European). However, mitochondrial and microsatellite analyses have not, so far, produced consensual results (Knapp et al., [2007](#efs25495-bib-0149){ref-type="ref"}; Jastrzembski, [2017](#efs25495-bib-0134){ref-type="ref"}) and the global genetic structure of *E. multilocularis* is still largely unclear. As examples, 'Asian' genotypes were recently found in Poland (Karamon et al., [2017](#efs25495-bib-0141){ref-type="ref"}), 'North American' genotypes in Russia (Konyaev et al., [2013](#efs25495-bib-0152){ref-type="ref"}), and 'European' genotypes in Canada (Gesy and Jenkins, [2015](#efs25495-bib-0100){ref-type="ref"}), so these approaches are currently still of doubtful value in Europe until more comprehensive surveys are done. Consequently, source attribution to reservoirs for *E. multilocularis* is currently not possible.

##### *E. granulosus* s.l {#efs25495-sec-0098}

Point‐of‐reservoir source‐attribution studies for echinococcosis focus on the intermediate hosts that harbour parasitic cysts (reservoir). This is particularly relevant for CE, given the role of livestock as intermediate hosts and the consequent opportunity for intervention. In recent years, many molecular studies investigating *Echinococcus* genotypes in humans and animals have been undertaken worldwide (Deplazes et al., [2017](#efs25495-bib-0060){ref-type="ref"}). Recently, Alvarez Rojas et al. ([2014](#efs25495-bib-0006){ref-type="ref"}) reviewed the published genotyped cases of *E. granulosus* s.l. globally. Although genotyping has not been performed systematically, and therefore the data available are not fully representative, the genotype G1, which is mostly transmitted with a dog‐sheep cycle, was found to be responsible for the majority of human CE worldwide (88%). The genotype G7 is the major genotype in the Baltic States and Poland, but only a limited number of cases have been typed (Marcinkut≐ et al., [2015](#efs25495-bib-0177){ref-type="ref"}).

#### 3.3.4.3. Comparative risk assessment {#efs25495-sec-0099}

The use of a comparative risk assessment approach on *Echinococcus* source attribution is limited by a lack of occurrence data, particularly of contamination of foodstuffs with *Echinococcus* eggs.

#### 3.3.4.4. Expert knowledge elicitation {#efs25495-sec-0100}

As data on the sources of infection and risk factors for infection are scarce, the only point of exposure source attribution done is based on expert knowledge elicitation performed by FERG in the context of the global burden of food‐borne disease study (Devleesschauwer et al., [2015](#efs25495-bib-0061){ref-type="ref"}). FERG considered five main transmission routes: food, animal contact (domestic and wild), water, soil, and air (Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}).

For *E. multilocularis*, the uncertainties for the proportion of food transmission in these studies (EUR A[7](#efs25495-note-1012){ref-type="fn"}: 15--79%; EUR B,[8](#efs25495-note-1013){ref-type="fn"} EUR C[9](#efs25495-note-1014){ref-type="fn"}: 12--72%; Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}) are large. The same applies to subsequent analyses that attributed food‐borne disease burden to specific food groups; the contribution of, e.g. vegetables had uncertainty ranges of 9--86%, 20--88% and 21--87%, respectively (Hoffmann et al., [2017](#efs25495-bib-0128){ref-type="ref"}).

For *E. granulosus* s.l., the proportion of food‐borne transmission was estimated for EUR A, B, and C at 4--40%, 6--39% and 6--39%, respectively (Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}), while the contribution of vegetables in these European regions was estimated to be 40--97%, 48--96%, and 47--97%, respectively (Hoffmann et al., [2017](#efs25495-bib-0128){ref-type="ref"}).

#### 3.3.4.5. Concluding remarks on relative importance of food‐borne pathways {#efs25495-sec-0101}

Humans acquire *Echinococcus* infection by the oral uptake of infective eggs, but the exact mechanisms and vehicles of transmission remain controversial, with quantification based solely on expert knowledge elicitation. Transmission vehicles might vary both between and within endemic areas, based on sociocultural and economic factors. However, it is clear that although the extent of food‐borne transmission may not be apparent, the potential for this transmission route is incontrovertible. Transmission could partially be linked to a typical food‐borne mechanism, after ingestion of viable eggs present on unwashed vegetables, fruit, and berries.

In Europe, the association of human cystic and alveolar echinococcosis, with contaminated food has to be considered based on the few preliminary data concerning food contamination with taeniid eggs and or parasite DNA. Standardised methods and more studies are needed to document the risk of food being contaminated with viable *Echinococcus* eggs (Alvarez Rojas et al., [2018](#efs25495-bib-0007){ref-type="ref"}). Expert knowledge elicitation indicates wide uncertainty for both CE (4--40% of cases) and AE (12--79% of cases) (Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}), and discussions on risk factors based on systematic review and meta‐analysis indicate the need for more primary studies. These, however, can be a challenge due to the long period between infection and the appearance of clinical signs.

Diagnosis of both AE and CE is usually made at an advanced stage of the disease, after a non‐symptomatic period of several years. This delayed diagnosis makes identification of the source of infection very difficult. It is therefore very challenging to link food exposures to disease (Torgerson, [2014](#efs25495-bib-0270){ref-type="ref"}). Furthermore, due to the long incubation period for disease, outbreaks of echinococcosis cannot be expected. Point‐of‐exposure source attribution studies for this parasite is therefore limited.

### 3.3.5. Consumer practices contributing to infection {#efs25495-sec-0102}

There are no data specifying the contribution of food consumer practices. Certain consumer behaviour, life styles, or working conditions may increase exposure to *Echinococcus* spp. For example, regular close contact with dogs or activities in agriculture or in private gardens have been claimed to be associated with an increased infection risk. Risks based on contamination of food in production or in the kitchen with egg‐contaminated substrates or surfaces have, so far, not been identified. Furthermore, inappropriate washing of vegetables or fruit may contribute to a higher exposure to *Echinococcus* eggs; but, again, no data are available documenting that, for example, a higher exposure to *E. multilocularis* eggs will result in a higher incidence of disease.

### 3.3.6. Current control methods for food‐borne transmission and likely impact {#efs25495-sec-0103}

#### 3.3.6.1. Prevention of contamination {#efs25495-sec-0104}

Attempts to control AE and CE are through measures that aim to interrupt the transmission cycle between definitive hosts and intermediate hosts.

Current concepts for control are different for AE and CE, as AE is caused by a parasite with a predominantly wild animal lifecycle, whereas CE is caused (mainly) by parasites of domesticated animals.

##### E. multilocularis {#efs25495-sec-0105}

Control of *E. multilocularis* is currently not being conducted as a routine measure. However, numerous experimental studies have shown that effective control can be achieved, at least temporarily, by reducing infection in wild foxes. This can be achieved through the application of bait containing anthelmintic agents (praziquantel). Protocols have been published with variable parameters concerning bait density (up to 50 per km^2^), baiting frequency (1 per month to 2 per year), methods of distribution (by aircraft, by car, by hand), and the inclusion or exclusion of human settlements. As treatment is not preventive, numerous consecutive baiting campaigns are needed to reduce reinfection of foxes via rodents. Control by praziquantel baiting has been tested in large rural areas (up to 5,000 km^2^), as well as in small, circumscribed urban areas. Tools for control have been developed, are ready for use, and can be adapted to different environments (Hegglin and Deplazes, [2013](#efs25495-bib-0125){ref-type="ref"}; Craig et al., [2017](#efs25495-bib-0048){ref-type="ref"}), but the high cost of control contrasts with comparatively low numbers of AE patients in Europe, requiring risk‐management decisions (Hegglin and Deplazes, [2013](#efs25495-bib-0125){ref-type="ref"}). On the other hand, instigating such control measures is cheaper and easier when the infection is less widespread. Regular anthelmintic treatment of dogs is proposed as an additional measure, in particular to decrease the probability of transmission to humans (Deplazes et al., [2011](#efs25495-bib-0059){ref-type="ref"}).

##### *E. granulosus* s.l {#efs25495-sec-0106}

Domestically transmitted species of the *E. granulosus* s.l. complex are, in theory, far easier to control. As transmission depends on dogs having access to slaughter offal, complete supervision of slaughtering practices by qualified personnel, such that dogs do not have access to slaughter offal, should be sufficient to interrupt the lifecycle. This has been achieved through improved general slaughtering hygiene (and without any specific control measures implemented) in large parts of central and western Europe, where CE is now reduced to sporadic occurrences only (Deplazes et al., [2017](#efs25495-bib-0060){ref-type="ref"}). Where a high‐standard of slaughtering is difficult to achieve, where home slaughtering is common, or where owned or stray dogs have access to dead animals on pastures, alternative measures can be applied (registration and regular deworming of dogs, education of stakeholders). By such approaches, CE has been eradicated under island conditions (Iceland, New Zealand, and Tasmania). For such targeted, long‐term control programmes, detailed protocols are available, providing recommendations for consecutive project phases spanning more than 30 years (planning, attack, consolidation, and maintenance phase) (Craig et al., [2017](#efs25495-bib-0048){ref-type="ref"}). Immunisation of livestock (which is available) has been experimentally tested for efficacy as a control measure (Craig et al., [2017](#efs25495-bib-0048){ref-type="ref"}). Depending on the region, the control situation can be complicated by the additional contribution of wild animals as hosts (e.g., wolves, jackals). On mainland Australia, the lifecycle of *E. granulosus* s.l. has switched from domestic transmission to a sylvatic cycle that includes wild dogs and marsupials, and cannot yet be contained by conventional control concepts.

#### 3.3.6.2. Control measures {#efs25495-sec-0107}

Due to the uncertainty about important routes of transmission to humans (see Section [3.3.4](#efs25495-sec-0092){ref-type="sec"}), there are no scientifically based recommendations or measures to prevent *Echinococcus* transmission via food or water. General recommendations (e.g., Eckert et al., [2001](#efs25495-bib-0071){ref-type="ref"}) include washing any produce that is eaten uncooked (e.g., vegetables, berries) and that originate either from the wild (e.g., blueberries) or from production sites with ineffective barriers against fox or dog access. However, although *Taenia* and *Echinococcus* eggs could be detected in the washwater after intense washing of vegetables, the proportion of contaminating eggs that had been removed by this process remains unknown (Federer et al., [2016](#efs25495-bib-0087){ref-type="ref"}). Alternatively, any physical conditions that are known to deactivate eggs and that are suitable for the food item in question are recommended: heating of food (see Section [3.1.3.2](#efs25495-sec-0016){ref-type="sec"}) for at least 3 h at 65°C (Federer et al., [2015](#efs25495-bib-0086){ref-type="ref"})., as well as deep freezing at −80°C for a minimum of 24 h (Eckert et al., [2001](#efs25495-bib-0071){ref-type="ref"}).

#### 3.3.6.3. Concluding remarks on control measures {#efs25495-sec-0108}

Prevention of food contamination with *Echinococcus* eggs is best achieved by controlling parasite transmission. Strategies are available and evaluated in the case of CE. Especially for Europe, where *E. granulosus* s.s. and *E. intermedius* are overwhelmingly only present in domesticated animals, which facilitates the application of control measures, a strong reduction of parasite transmission and, in certain areas, even elimination is feasible. For AE, largely transmitted by wildlife (e.g., foxes), regional elimination would be difficult, but methods for control at a local level (e.g., in areas of close human‐wildlife contact) are available. Accompanying measures would be the restriction of the access of animals that may be shedding *Echinococcus* eggs to food production areas.

3.4. Commonalities for all parasites {#efs25495-sec-0109}
------------------------------------

Although the three parasites included in this Opinion differ in many respects, there are several commonalities regarding their food‐borne transmission potential and the methodologies available for investigating food‐borne transmission. For all three parasites, the available data lead to an under‐estimate of the burden of infection in Europe. Furthermore, because of the differences across and between countries regarding mandatory reporting, it is difficult to ascertain whether regional variations with relation to infections reflect actual epidemiological differences or rather diagnostic effort or reporting differences.Incubation period from infection until manifestation of symptoms ranges from a few days for *Cryptosporidium* to years or decades for *Echinococcus* spp. *Toxoplasma* infection may not demonstrate symptoms at all unless triggered by an event such as immunosuppression. Furthermore, symptoms of ocular toxoplasmosis often only manifest decades after infection occurred. This means that source attribution is difficult -- and may even be impossible for those parasites with the longest incubation period.Although *Toxoplasma* can also be transmitted by ingestion of the meat of an infected animal, all three parasites can be transmitted via their robust external transmission stages (eggs or oocysts), which are shed into the environment in relatively high numbers by infected definitive hosts. These environmental transmission stages may contaminate fresh produce (and, potentially, other food stuffs, e.g., shellfish), and can remain viable and infective on or in such food for prolonged periods (weeks or longer), even under relatively harsh conditions. None of these transmission stages proliferate in the environment, and thus, the potential for contaminated foodstuffs to act as a vehicle of infection decreases over time due to die‐off. However, given the short shelf‐life for fresh produce, die‐off is not expected to be considerable.Although a considerable amount of research has been conducted on developing methods for determining whether meat contains *Toxoplasma* bradyzoites, and is therefore potentially a route of transmission to consumers, method development for detection and assessment of viability and infectivity of all three parasites as faecal contaminants on fresh produce is less well developed. Sensitivity of detection and quantification are desirable for risk assessment, and LOD data are important to understand negative results from sample surveys. Thus, these data are also needed for risk management and consumer protection. However, in the absence of standard methods for most foods, experiments to establish LOD have not been done for all food types. It is desirable that portion‐sized amounts of food are spiked with test parasites for LOD studies.Molecular methods to amplify nucleic acids (e.g., DNA) have been used to assess contamination of fresh produce with all three parasites. It is worth noting that the parasites reviewed in this Opinion contain different amounts of DNA in the lifecycle stages present and used as detection targets in food detected as faecal contaminants on food; for example, one embryonated *Echinococcus* egg contains tens of cells whereas one *Cryptosporidium* oocyst contains only four.Unlike with culture methods for the detection of bacteria, detection of parasites on food, either by microscopy to detect oocysts or eggs, or by methods to detect nucleic acids, e.g. DNA, provides no indication of the viability or infectivity of any parasites detected. Methods to assess the viability or infectivity of the three parasites are, at best, expensive, cumbersome, and ethically questionable (bioassays), or the results may overestimate viability (molecular methods, vital dye methods). Therefore, assessment of viability and infectivity during surveys may be inappropriate. However, such assays would be of value and should be developed for the investigation of post‐harvest treatments.

3.5. Knowledge gaps in answering the terms of reference {#efs25495-sec-0110}
-------------------------------------------------------

###  {#efs25495-sec-0111}

#### *Cryptosporidium* spp. {#efs25495-sec-0112}

The relative importance of food‐borne infections (food versus other routes or vehicles) is not known.The relative importance of different sources of contamination of food (e.g., direct handling by people, livestock, irrigation water, wastewater, etc.) is not known.The likelihood of transmission from food overall or from specific foods is not known; data for QMRA are not yet available.The robustness and LOD of detection methods are not known for most foods.More sensitive methods for genotyping *Cryptosporidium* oocysts from foods need to be developed so that they can be applied to samples containing small numbers of oocysts.Sample surveys/sampling frames have yet to be established for adequate studies of food, whether for the presence/absence of oocysts or for their quantification.Survival studies with optimal methods for assessing viability and infectivity, to provide improved efficacy data for control measures and food preservation/treatment conditions, need to be undertaken.Food trace‐back is currently poor; methods to interrogate the supply chain for *Cryptosporidium* contamination are not well developed.

#### Toxoplasma gondii {#efs25495-sec-0113}

The relative importance of food‐borne infections (food versus other sources) is not known, but due to the meatborne transmission route, likely to be higher than for the other two parasites considered here (*Cryptosporidium* and *Echinococcus* spp.).The relative contributions of meatborne (via tissue cysts) transmission and environmental (via oocysts) transmission has not yet been clarified. This will vary according to region and consumer habits.Diagnostic methods to detect *T. gondii* in fresh produce are currently poorly developed.Diagnostic methods to detect *T. gondii* in cattle are currently poorly developed.QMRAs of combined transmission routes (meatborne and via food contaminated with *Toxoplasma* oocysts) have not been developed.Dose--response data in humans that are necessary to translate exposure into human infection risk are lacking.Data on inactivation of tissue cysts in meat products (the necessary concentrations of salt and other preservatives) have not been collected systematically.Methods, other than animal bioassays, to assess the infectivity/viability of *T. gondii* are lacking.The efficacy of intervention strategies to reduce infection in food‐producing animals based on risk factors has not been evaluated.The feasibility of cat vaccination (development and coverage needed) has not yet been addressed.Data on the prevalence of different *T. gondii* genotypes in food are lacking, as are standardised methods to assess this, particularly in Europe where genotype II predominates.Depuration times required for shellfish to clear themselves of *T. gondii* oocysts are currently unknown.Survival times of *T. gondii* in dairy products made from raw milk derived from infected goats and sheep are unknown.The effectiveness of intervention strategies for reducing contamination of fresh produce with infective oocysts has not been evaluated.

#### *Echinococcus* spp. {#efs25495-sec-0114}

The relative importance of food‐borne infections (food versus hand‐to‐mouth contact or other vehicles) is not known.Validated methods to detect *Echinococcus* eggs in fresh produce and data for QMRA‐based are not yet available.Dose--response data in humans that are necessary to translate exposure in human infection risk are lacking.Factors determining the susceptibility of humans to infection, especially for AE, are not understood.The efficacy of intervention strategies (anthelmintic treatment of canids) to reduce the environmental contamination with eggs and their effective contribution towards minimising the likelihood of infection have not been investigated.The correlation of infectivity, pathogenicity and treatment response with the different causative *Echinococcus* spp. of CE (and their genotypes) has not been determined.Ecological parameters that favour persistence of the *E. multilocularis* lifecycle, including the impact of climate change, have not been elucidated.

4. Conclusions {#efs25495-sec-0115}
==============

 {#efs25495-sec-0116}

###  {#efs25495-sec-0117}

#### Answers to TOR 1 {#efs25495-sec-0118}

**To critically review current methods for the detection, identification, characterisation and tracing of specific, selected food‐borne parasites (** ***Echinococcus*** **spp.,** ***Toxoplasma gondii*** **, and** ***Cryptosporidium*** **spp.), with emphasis on methods applicable to foods that are likely to be a potential source of infection** Meatborne transmission: of the parasites under consideration, only *T. gondii* can be transmitted as an intrinsic part of meat. Methods to detect, identify, characterise and trace *T. gondii* in meat are relatively well‐developed; mouse bioassay and PCR are the most commonly used direct detection methods, followed by microscopy and cat bioassay. These methods tend to be used largely in research projects or for investigating interventions or investigating outbreaks, rather than as a routine procedure for checking the safety of meat. There are currently no regulatory requirements to conduct meat inspection or analysis for *T. gondii* in Europe. Interlaboratory validation for these methods is not routinely performed.Transmission as faecal contaminants (e.g., on fresh produce): all three parasites may be transmitted via their robust environmental stages as faecal contaminants of food, but standard methods for their detection in all possible matrices have not been developed.`−`For *Cryptosporidium* oocysts, an ISO standard method is available for detection on some fresh produce types (fresh leafy green vegetables and berry fruits), although it should be noted that it has been validated only for relatively few produce types within this category. The ISO method specifies microscopy for detection; this provides no information on species, viability or infectivity.`−`For *T. gondii* and *Echinococcus* spp., methods for analysing fresh produce types (see above) have not been standardised, and methods have to be further validated for routine use in analytical laboratories. Microscopy lacks sensitivity and does not distinguish between genotypes, and, for taeniid eggs, between species or even genera. For both these parasites, DNA amplification after oocyst or egg concentration is necessary to obtain this information.In general, and even for those parasite‐food combinations for which techniques have been developed and published, methods for analysing foods as vehicles of infection for these three parasites are not well established, standardised, or validated.The use of methods that have been validated by inter‐laboratory ring trials have the potential to provide results from surveys, which allow comparison on a temporal and spatial scale. Although molecular‐based studies for detection of faecal contaminant parasites may be more sensitive, it should be noted that detection of DNA molecules does not necessarily indicate the presence of an intact transmission stage, although partial purification of the parasites from the sample prior to application of molecular methods may indicate whether this is the case. If transmission stages are detected by microscopy methods (i.e., *Echinococcus* eggs, or *Toxoplasma* or *Cryptosporidium* oocysts), whether they are infective and thereby represent a public health risk cannot be determined. Thus, methods that indicate infectivity as well as occurrence would be of interest.Faecal indicators are not reliable indicators for presence or absence of these parasites.

#### Answers to TOR 2 {#efs25495-sec-0119}

**To evaluate available information to determine the relative importance of food‐borne pathways for transmission of the selected parasites to humans** The source of infection for the three parasites differs widely, and depends upon the distinct lifecycles and the hosts of the three parasites. In brief, *Cryptosporidium* oocysts are shed in the faeces of infected animals, particularly young ruminants, and humans and may contaminate food. *Toxoplasma* oocysts shed in the faeces of infected felids may also contaminate food, but tissue cysts in meat animals are also a source of infection, as are tachyzoites shed in milk. *Echinococcus* spp. eggs shed in the faeces of infected canids may contaminate food.Across all three food‐borne parasites, there is a general lack of data that limits the application of data‐driven methods to identify the relative importance of major transmission routes (i.e., food‐borne transmission vs transmission via water, soil, person‐to‐person contact or animal contact). This is particularly so for *Echinococcus*. Much information is therefore derived from expert knowledge elicitation studies and is typically characterised by the associated important uncertainties.Available information suggests that food‐borne infection is responsible for approximately 40--60% of *T. gondii* infections and approximately 10% of human *Cryptosporidium* infections. The relative importance of food‐borne transmission for *Echinococcus* spp. infections remains largely uncertain, ranging from around 4--40% for CE to 12--80% for AE, indicating the insurmountable limitations in trying to determine source attribution for a pathogen for which the incubation period between infection and diagnosis is generally measured in years.Knowledge of lifecycles and identified outbreaks and cases provides a better basis for identifying those food categories that are of greater importance in food‐borne transmission. However, although more data are available to ascertain the different food groups that contribute to food‐borne transmission of the three parasites, many studies still rely on expert knowledge elicitation.Food‐borne transmission of *Toxoplasma gondii* is possible via a range of routes, including consumption of undercooked meat or, to a lesser extent, unpasteurised milk, from an infected animal, or as a faecal contaminant. Although meat is considered to be the more usual source of food‐borne infection in Europe, based on risk factor studies, the exact contribution of different food‐borne routes is still a major research question.In contrast, food‐borne transmission of both *Cryptosporidium* and *Echinococcus* occurs solely with the parasites as faecal contaminants. However, whereas for *Echinococcus*, the source of contamination is infected canids (in Europe, largely dogs and foxes), for *Cryptosporidium* the range of potential hosts shedding oocysts in their faeces is much broader, and includes livestock animals, especially young ruminants, and people.For *Cryptosporidium*, fresh produce is considered to be the main route for food‐borne transmission, on the basis of outbreak data, national studies, and expert knowledge elicitation, especially where dairy hygiene standards are high and milk pasteurisation is the norm. Although some surveys of fresh produce have been conducted and provided some information on the extent of contamination, lack of routine genotyping, along with a paucity of exploration of infection sources, has limited our knowledge on transmission routes.For *Toxoplasma*, there is restricted ability to determine transmission routes. This is largely due to the usual prolonged period between infection and clinical presentation. In addition, there is a lack of methods to detect oocyst‐contaminated food.For *Echinococcus* (*E. granulosus* s.l. and *E. multilocularis*), the relative importance of food‐borne transmission is uncertain. This is due to the long latent period between infection and clinical signs and the very limited data on the occurrence of *Echinococcus* contamination of food.

#### Answers to TOR 3 {#efs25495-sec-0120}

**To examine available information on the occurrence and survival of the selected parasites in food and consumer practices contributing to infection** All three parasites can be transmitted by ingestion of contaminated foods that are often not cooked before consumption, such as some types of fresh produce. For *Toxoplasma* and *Echinococcus*, survey data are very limited. For *Cryptosporidium*, only six surveys have been conducted using a reliable method and these suggest contamination rates from 1% to 70% with most large surveys indicating a contamination rate of 8% of samples. There are many hosts of *Cryptosporidium* and therefore greater potential for contamination in comparison with *T. gondii*, for which only cats, nearly always kittens, shed oocysts for a limited period, or *Echinococcus*, for which only infected canids shed eggs in their faeces.*Toxoplasma* can be transmitted via the ingestion of raw or inadequately cooked meat from infected animals. The likelihood that meat animals are infected varies by species and animal husbandry/animal management practices.Information on survival of contaminating parasites is largely lacking due to absence of available and validated methods to determine this.*Cryptosporidium* oocysts survive in moist environments at ambient temperatures for many months, but are less resistant to freezing; *Toxoplasma* oocysts are more robust, surviving for many months in the environment and also surviving freezing temperatures for weeks; experimental data indicate prolonged survival of *Echinococcus* eggs in the environment, including freezing at −18°C for several months.The oocyst transmission stages of *Cryptosporidium* and *Toxoplasma* are inactivated by pasteurisation; *E. multilocularis* eggs survive heating to + 65°C for 120 min.Imported foods also present a risk to consumers. For *Toxoplasma*, strains from South America have greater genetic diversity and virulence than those currently circulating in Europe. The import of fresh, vacuum‐packed beef or horse meat from these countries may be considered as an emerging threat to European consumers as these products are sometimes consumed undercooked or raw.Fresh produce may present a threat for all three parasites, as the transmission stages are likely to survive well under the refrigerated conditions of transport. However, trace‐back is currently inadequate and relevant information is generally lacking.For both *Cryptosporidium* and *Toxoplasma*, survey studies have investigated contamination of molluscan shellfish, and data accrued indicated occurrence of 10--20% (*Toxoplasma*) and 20--40% (*Cryptosporidium*). However, in the absence of documented infection with either of these parasites via molluscan shellfish, the relevance of these data to food‐borne transmission remains unclear.In general, consumer preferences for raw fresh produce may contribute towards an increased likelihood of infection, as cooking for an adequate time at a specified temperature inactivates all parasite transmission stages. Furthermore, a lack of general hygiene measures, including not washing fresh produce prior to consumption, may increase the likelihood of ingesting viable parasites. However, there is evidence that significant numbers of transmission stages may remain even after washing. Industrialised washing, with reuse of water, may result in the spread of contamination throughout a batch, and consumer preference for ready‐to‐eat fresh produce may increase the likelihood of ingesting infective contaminant parasites. Consumer preferences for not freezing produce or meat prior to consumption, and for eating more raw or rare products (vegetables, meat, milk, and dairy products), may also increase the likelihood of exposure to infective parasites.Data on the efficacy of preservation methods (salting, conservatives, curing) at inactivating *T. gondii* bradyzoites in meat products are limited.

#### Answers to TOR 4 {#efs25495-sec-0121}

**To evaluate possible control measures from farm to consumption** [For all three parasites (as faecal contaminants of fruit and vegetables)]{.ul}`−`On‐farm measures that reduce the likelihood of faecal contamination may be more effective than post‐harvest interventions.`−`Use of irrigation water of potable standard or good quality will reduce the likelihood of contamination of fresh produce.`−`Faecal indicators are not reliable indicators for the presence or absence of any other parasites, including *Cryptosporidium*.`−`If wastewater is used for irrigation, it is important that it is tertiary‐treated, and includes treatments that are adequate against parasite oocysts and eggs, and not only against bacteria.`−`Washing fresh produce prior to consumption may remove a proportion of adherent parasites, but relevant data are few, and the presence of *Cryptosporidium* oocysts remaining on fresh produce after energetic washing has been demonstrated. Industrial‐scale washing may spread localised contamination throughout a batch, and some fresh produce (e.g., strawberries) may not be appropriate for vigorous washing.[For *Toxoplasma* and *Cryptosporidium*]{.ul}`−`Pasteurisation will inactivate both *Cryptosporidium* oocysts and *Toxoplasma* tachyzoites.`−`Sufficient heat treatment that reaches the internal flesh and inactivates parasite oocysts in shellfish would prevent transmission.[For *Cryptosporidium*]{.ul}`−`Control of animal access, particularly by young ruminants, to areas of cultivation of fresh produce reduces the probability of contamination.`−`Proper composting of manure or storage of liquid slurry before application to crops reduces the likelihood of contamination with viable oocysts.`−`Providing adequate sanitation and hygiene facilities (e.g., toilets and hand washing facilities) for food production and processing workers reduces the potential for contamination from infected workers.`−`Enabling exclusion from work of food handlers with diarrhoea, and for 48 h after symptoms cease, reduces the chances of transmitting infection to co‐workers and contaminating produce.[For *Toxoplasma*]{.ul}`−`For transmission via meat from housed animals, reduction of their exposure to infection via appropriate biosecurity measures (e.g., preventing access of cats to pig pens or poultry barns) will reduce transmission potential. Reducing cat numbers at farms and neutering cats to limit new kittens annually has been suggested to reduce on farm contamination with infective oocysts.`−`For transmission via meat from grazing animals, reduction of exposure is more difficult, but vaccination of sheep and pigs is a relevant option for reducing infection.`−`For transmission via meat, freezing the meat prior to consumption or sale will inactivate any bradyzoites.`−`For fresh produce, limiting access of cats to areas where produce is grown, packed, and transported, would be relevant and ensuring that irrigation water is of an appropriate quality.[For *Echinococcus*]{.ul}`−`Control of *E. granulosus* s.l. is feasible by an integrated approach at the regional or national level, including control of stray dogs, meat inspection and slaughter supervision, public education campaigns, routine anthelmintic treatment of dogs, and vaccination of sheep.`−`For both, *E. granulosus* s.l. and *E. multilocularis*, regular treatment of dogs in endemic areas will limit the potential for contamination of food such as fresh produce.`−`Similarly, regular treatment of foxes using praziquantel baits in endemic areas, or even locally in areas where fresh produce is cultivated, will reduce the prevalence of *E. multilocularis*, and thereby the potential for environmental contamination, and thus the potential for fresh produce being contaminated.`−`Implementation of measures that reduce the population of foxes and stray dogs, or the access of foxes and dogs to fresh produce areas, may also reduce the potential for contamination of fresh produce.

5. Recommendations {#efs25495-sec-0122}
==================

It is clear that there are many data gaps in our knowledge of food‐borne transmission of parasites, compared with the transmission of other pathogens. This Opinion focuses on three parasites considered to be of highest importance in Europe at the time of writing; however, it is important to note that other food‐borne parasites may also become of increasing public health relevance. These recommendations suggest not only areas where more data should be gathered, but also indicate where we already have sufficient data to reach concrete recommendations.

In order to define targeted control strategies, generally we need to acquire more knowledge on the relative importance of food‐borne transmission for each of the three parasites. This will require a multifaceted approach, and should be directed towards obtaining sufficient data such that robust QMRA can be performed for each of the parasites. Recommendations on how further essential data collection can be facilitated are listed below, as are potential approaches towards reducing the food‐borne transmission of the three parasites included in this Opinion.**Recommendations for further data collection**`−`Robust and reliable methods for detection of the three parasites on different foods need to be developed and validated (interlaboratory validation). For all three parasites, detection of parasites on different types of fresh produce (lettuce, other leafy greens, fruits) is particularly important. It should be borne in mind that different fresh produce may have different properties that affect detection methodologies (e.g., saponins in spinach leaves, cyanins in blueberries). One method does not necessarily suit all matrices or parasites.`−`For *Toxoplasma*, development, validation and use of a sporozoite‐targeted assay that could be used to distinguish transmission of *T. gondii* by oocysts (e.g., via contamination of fresh produce, shellfish) from other forms of transmission (e.g., by bradyzoites in meat) should be prioritised.`−`Methods for viability/infectivity assessment for each of the three parasites need to be developed, validated, and applied in survival/efficacy studies of food storage and treatment conditions. Although bioassays are available, these are not appropriate or ethically supportable for such studies.`−`Improved documentation of the fresh produce supply chain would provide better knowledge regarding how and where contamination occurs. In particular, the role of water as a vehicle of contamination of fresh produce with parasite transmission stages is relevant.`−`Our knowledge of the origins of contamination when parasites are detected is hampered by the lack of suitability and/or use of molecular markers for subtyping. Although whole genome sequencing (WGS) may provide a solution, it is not necessarily appropriate for small numbers of parasites (that cannot be amplified) in a contamination situation. Development and validation of the use of appropriate molecular markers would improve our knowledge on sources and routes of contamination and infection.`−`Public health professionals should be encouraged to include questions regarding food consumption in a relevant time‐span when investigating cases or outbreaks of infection.`−`The wide uncertainty regarding the contribution of food‐borne transmission to cases of both CE and AE indicate the need for more primary studies. However, due to the long latent period between infection and clinical signs, these can be a challenge.`−`The relative importance of these and other food‐borne parasites should be re‐evaluated as further data become available.**Recommendations for potential approaches to reducing the potential for food‐borne transmission**`−`In order for the fresh produce industry to understand where the risks of parasite contamination lie and develop reduction/intervention strategies, investigation of parasite contamination along the fresh‐produce food chain and through produce‐processing plants is necessary.`−`Inactivation technologies should be developed and optimised against parasite transmission stages to provide post‐harvest control options that are evidence based.`−`Following relevant data collection, risk assessments regarding the food‐borne transmission of toxoplasmosis should be extended to include the environmental (oocyst) pathway.`−`The feasibility of applying the current commercial *T. gondii* live vaccine (S48 strain) to reduce *T. gondii* cyst development in food animals should be explored.`−`Development of methods for reliable detection of *T. gondii* in cattle should be prioritised.`−`Development of education programmes based on key transmission routes could be used to help inform high‐risk groups of people, particularly pregnant women and immunocompromised individuals, regarding both toxoplasmosis and cryptosporidiosis (the immunocompromised), as these groups may account for a relatively high burden of disease.`−`For *Cryptosporidium* and *Toxoplasma*, the feasibility of whether vaccination may decrease oocyst shedding and thus environmental contamination for key animal species (such as cattle for *Cryptosporidium* and cats for *Toxoplasma*) should be explored.`−`CE, caused by *Echinococcus granulosus* s.l. in Europe, is largely transmitted during lifecycles that involve domestic animals (dogs and livestock). Therefore, CE is a preventable and controllable disease, and scientific evidence exists for the efficacy of control measures. The persistence of human morbidity in Europe is not due to knowledge gaps, but lack of prioritisation to implement the control measures. Successful elimination or considerable reductions in transmission of *E. granulosus* have been achieved in several control programmes, and the initiation of such actions in endemic areas of Europe is recommended if the intention is to control this parasite.`−`For AE, caused by *Echinococcus multilocularis*, the practicality of implementing effective control actions is less obvious as transmission is largely wildlife‐based (foxes and rodents). In areas of high egg contamination and in areas of close human‐wildlife contact (e.g., periurban areas with high fox populations), the use of praziquantel bait for foxes may be effective, even locally, but requires long‐term commitment and resources.

Abbreviations {#efs25495-sec-0123}
=============

AEalveolar echinococcosisAIDSacquired immune deficiency syndromeCEcystic echinococcosisCOSTEuropean Cooperation in Science and TechnologyDALYdisability‐adjusted life yearECDCEuropean Centre for Disease Prevention and ControlEEAEuropean Economic AreaELISAenzyme‐linked immunosorbent assayFERGFood‐borne Disease Burden Epidemiology Reference GroupIFMimmunofluorescence microscopyIHCimmunohistochemistryIMSimmunomagnetic separationISOInternational Organization for StandardizationLAMPloop‐mediated isothermal amplificationLODlimit of detection(MC)‐PCRmagnetic capturePAFpopulation attributable fractionsPCRpolymerase chain reactionQMRAQuantitative microbiological risk assessmentqPCRquantitative polymerase chain reactionSCIDsevere combined immunodeficiencySH‐RTsodium hypochlorites.l.sensu latos.s.sensu strictoUS FDAUnited States Food and Drug AdministrationUVultravioletWGSwhole genome sequencingWHOWorld Health Organization

Glossary {#efs25495-sec-0124}
========

Bradyzoitea slowly multiplying stage in the lifecycle of *Toxoplasma*, that usually develops in cells of the central nervous system, eye, or striated muscle, forming tissue cystsHostthe organism within or on which a parasite lives, potentially deriving nutrients or other benefits from it, at the expense of that organismIntermediate hosta host organism that is essential in the lifecycle of the parasite and in which development occurs, but sexual reproduction does not occurDefinitive hostthe host organism in which a parasite reaches sexual maturity and reproduces sexuallyDead‐end hostan aberrant or incidental host of the parasite, in which development may be similar to that in an intermediate host, but without contributing to the perpetuation of the lifecycleExcystationthe process of hatching of an oocyst (*Toxoplasma* or *Cryptosporidium*) to release the sporozoitesMolecular detectionuse of methods that amplify nucleic acids to determine the presence of a target parasiteOocystthe external transmission stage of both *Cryptosporidium* and *Toxoplasma*, consisting of an encysted zygote from sexual reproduction, and that may contain infective sporozoites or may develop (sporulation) to contain infective sporozoitesSporozoitea motile stage that is contained within the oocysts of *Cryptosporidium* (4 sporozoites per oocyst) and *Toxoplasma* (eight sporozoites per oocyst), and that invade the host cells following excystation of ingested oocysts by an appropriate hostSporulationthe development of sporozoites within oocysts; for *Cryptosporidium*, oocyst sporulation occurs prior to shedding in the faeces, whereas for *Toxoplasma* sporulation of oocysts occurs in the environment after 1--5 days, depending on temperature and humidity. Oocysts that are not sporulated are not infectiveTachyzoitea rapidly multiplying motile stage in the lifecycle of *Toxoplasma*, and that multiplies asexually in almost any cell of the host (not intestinal epithelial cells or erythrocytes), bursting the cells and moving to a new cellTissue cystthe cyst containing bradyzoites; these vary in size depending on the number of bradyzoites

Appendix A -- Replies from EU/EEA countries to Questionnaire on notification systems for selected parasites {#efs25495-sec-1001}
===========================================================================================================

 {#efs25495-sec-0125}

In April 2018, a questionnaire about mandatory notification of *Cryptosporidium* spp., *T. gondii*,*E. multilocularis* and *E. granulosus* s.l. was sent to the 28 Member States and 3 European Economic Area (EEA) countries (Iceland, Norway, and Switzerland) through the members and observers of EFSA\'s Scientific Network for Zoonoses monitoring data. Replies were obtained from 30 (27 Member States and 3 EEA countries)/31 countries.

A summary of the questionnaire and the results is shown below. It should be noted that the results obtained are those provided from the questionnaire and they have not been validated.

A.1.. Mandatory notifications in Animals in EU/EEA countries {#efs25495-sec-0126}
------------------------------------------------------------

Questions for animals: Is notification of alveolar echinococcosis (AE in intermediate and dead‐end hosts and infection with *E. multilocularis* in definitive hosts) mandatory in your country?Is notification of cystic echinococcosis (CE in intermediate and dead‐end hosts and infection with *E. granulosus* in definitive hosts) mandatory in your country?Is notification of toxoplasmosis (infection with *Toxoplasma gondii*) mandatory in your country?Is notification of cryptosporidiosis (infection with *Cryptosporidium* spp.) mandatory in your country?

###### 

Summary of replies on notification of detection in animals

                    Country   *E. multilocularis*   *E. granulosus*   *Toxoplasma gondii*   *Cryptosporidium* spp.
  ----------------- --------- --------------------- ----------------- --------------------- ------------------------
  Austria           AT        ○                     ○                 ○                     ○
  Belgium           BE        ●                     ●                 ●                     ●
  Bulgaria          BG        V                     ○                 V                     V
  Croatia           HR        ●                     ●                 ○                     ○
  Cyprus            CY        ●                     ●                 ○                     ○
  Czech Republic    CZ        ●                     ●                 ○                     ○
  Denmark           DK        ●                     ●                 ○                     ○
  Estonia           EE        ●                     ●                 ●                     V
  Finland           FI        ●                     ●                 ●                     ○
  France            FR        ○                     ○                 /                     /
  Germany           DE        ●                     ●                 ●                     ○
  Greece            EL        V                     V                 V                     V
  Hungary           HU        ●                     ●                 V                     V
  Iceland           IS        ●                     ●                 ●                     ●
  Ireland           IS        ●                     ○                 V                     V
  Italy             IT        ●                     ●                 ○                     ○
  Latvia            LV        ●                     ●                 ●                     ●
  Lithuania         LT        **--**                **--**            **--**                **--**
  Luxembourg        LU        V                     V                 V                     V
  Malta             MT        V                     V                 V                     V
  Netherlands       NL        ●                     ●                 ●                     ○
  Norway            NO        ○                     ○                 ○                     ○
  Poland            PL        ●                     ●                 ●                     ○
  Portugal          PT        ○                     V                 ○                     ○
  Romania           RO        ●                     ●                 ●                     ○
  Slovak Republic   SK        ●                     ●                 ○                     ○
  Slovenia          SI        ●                     ●                 ○                     ○
  Spain             ES        V                     V                 V                     V
  Sweden            SE        ●                     ●                 ○                     ○
  Switzerland       CH        ●                     ●                 ●                     ●
  United Kingdom    UK        /                     ○                 ○                     ○

●: Yes; ○: No; V: Voluntary; /: no surveillance; -- : no information.

John Wiley & Sons, Ltd

A.2.. Mandatory notifications in Food in EU/EEA countries {#efs25495-sec-0127}
---------------------------------------------------------

Questions: Is detection of *E. multilocularis* in food notifiable in your country?Is detection of *E. granulosus* in food notifiable in your country?Is detection of *Toxoplasma gondii* in food notifiable in your country?Is detection of *Cryptosporidium* spp. in food notifiable in your country?

###### 

Summary of replies on notification of detection in food

                    Country   *E. multilocularis*   *E. granulosus*   *Toxoplasma gondii*   *Cryptosporidium* spp.
  ----------------- --------- --------------------- ----------------- --------------------- ------------------------
  Austria           AT        ○                     ○                 ○                     ○
  Belgium           BE        ●                     ●                 ●                     ●
  Bulgaria          BG        V                     V                 V                     V
  Croatia           HR        /                     /                 /                     /
  Cyprus            CY        ○                     ○                 ○                     ○
  Czech Republic    CZ        V                     V                 ○                     ○
  Denmark           DK        ○                     ○                 ○                     ○
  Estonia           EE        ●                     ●                 ●                     ○
  Finland           FI        V                     V                 V                     V
  France            FR        ○                     ○                 /                     /
  Germany           DE        ●                     ●                 ●                     ●
  Greece            EL        V                     V                 V                     V
  Hungary           HU        ●                     ●                 V                     V
  Iceland           IS        /                     /                 /                     /
  Ireland           IE        ●                     V                 V                     V
  Italy             IT        ●                     ●                 ○                     ○
  Latvia            LV        ●                     ●                 ○                     ○
  Lithuania         LT        --                    --                --                    --
  Luxembourg        LU        ●                     ●                 ●                     ●
  Malta             MT        ○                     V                 V                     V
  Netherlands       NL        ○                     V                 V                     V
  Norway            NO        ○                     ○                 ○                     ○
  Poland            PL        ●                     ●                 V                     V
  Portugal          PT        V                     V                 ○                     V
  Romania           RO        ●                     ●                 V                     ○
  Slovak Republic   SK        ●                     ●                 ○                     ○
  Slovenia          SI        ○                     ●                 ○                     ○
  Spain             ES        ●                     ●                 V                     V
  Sweden            SE        ○                     ○                 ○                     ○
  Switzerland       CH        ●                     ●                 ●                     ●
  United Kingdom    UK        ○                     ○                 ○                     ○

●: Yes; ○: No; V: Voluntary; /: no surveillance; -- : no information.

John Wiley & Sons, Ltd

A.3.. Mandatory notifications in Humans in EU/EEA countries {#efs25495-sec-0128}
-----------------------------------------------------------

Member States, CH, IS and NO, were asked to verify the information summarised from ECDC (<https://ecdc.europa.eu/en/surveillance-atlas-infectious-diseases>).

If notification of *Echinococcosis* in humans is mandatory: is this notification mandatory for alveolar echinococcosis (*E. multilocularis*) and cystic echinococcosis (*E. granulosus*)?

###### 

Summary of replies on notification of human cases

                    Country   *E. multilocularis*   *E. granulosus*   *Toxoplasma gondii*   *Cryptosporidium* spp.
  ----------------- --------- --------------------- ----------------- --------------------- ------------------------
  Austria           AT        ●                     ●                 /                     /
  Belgium           BE        V                     V                 /                     V
  Bulgaria          BG        ○                     ●                 ●                     ●
  Croatia           HR        ●                     ●                 ●                     ●
  Cyprus            CY        ●                     ●                 ●                     ●
  Czech Republic    CZ        ●                     ●                 ●                     ●
  Denmark           DK        /                     /                 /                     /
  Estonia           EE        ●                     ●                 ●                     ●
  Finland           FI        ●                     ●                 ●                     ●
  France            FR        --                    /                 V                     /
  Germany           DE        ●                     ●                 ●                     ●
  Greece            EL        ●                     ●                 /                     /
  Hungary           HU        ●                     ●                 ●                     ●
  Iceland           IS        ●                     ●                 ●                     ●
  Ireland           IE        ●                     ●                 ●                     ●
  Italy             IT        ●                     ●                 /                     /
  Latvia            LV        ●                     ●                 ●                     ●
  Lithuania         LT        --                    --                --                    --
  Luxembourg        LU        ●                     ●                 ●                     ●
  Malta             MT        ●                     ●                 ●                     ●
  Netherlands       NL        V                     V                 /                     V
  Norway            NO        ●                     ●                 ●                     ●
  Poland            PL        ●                     ●                 ●                     ●
  Portugal          PT        ○                     ●                 ●                     ●
  Romania           RO        ●                     ●                 ●                     ●
  Slovak Republic   SK        ●                     ●                 ●                     ●
  Slovenia          SI        ●                     ●                 ●                     ●
  Spain             ES        ●                     ●                 ●                     ‐
  Sweden            SE        ●                     ●                 /                     ●
  Switzerland       CH        --                    --                --                    --
  United Kingdom    UK        V                     V                 V                     ●

●: Yes; ○: No; V: Voluntary; /: no surveillance; -- : no information.

John Wiley & Sons, Ltd

A.4.. Identification of *Cryptosporidium* spp. for humans in EU/EEA countries {#efs25495-sec-0129}
-----------------------------------------------------------------------------

Additional question on *Cryptosporidium*:

During investigation of cryptosporidiosis (infection with *Cryptosporidium* spp.) in humans, is the species of *Cryptosporidium* determined (e.g., *Cryptosporidium hominis, Cryptosporidium parvum*, etc.)?

###### 

Summary of replies of identification of *Cryptosporidium* spp. in humans

                    Country   Answer
  ----------------- --------- -------------
  Austria           AT        --
  Belgium           BE        --
  Bulgaria          BG        No, never
  Croatia           HR        Yes, always
  Cyprus            CY        No, never
  Czech Republic    CZ        Sometimes
  Denmark           DK        Sometimes
  Estonia           EE        Sometimes
  Finland           FI        Sometimes
  France            FR        --
  Germany           DE        Sometimes
  Greece            EL        No, never
  Hungary           HU        --
  Iceland           IS        --
  Ireland           IE        Sometimes
  Italy             IT        No, never
  Latvia            LV        No, never
  Lithuania         LT        --
  Luxembourg        LU        Yes, always
  Malta             MT        Sometimes
  Netherlands       NL        Sometimes
  Norway            NO        Yes, always
  Poland            PL        Sometimes
  Portugal          PT        Yes, always
  Romania           RO        Sometimes
  Slovak Republic   SK        Sometimes
  Slovenia          SI        Yes, always
  Spain             ES        Sometimes
  Sweden            SE        Yes, always
  Switzerland       CH        --
  United Kingdom    UK        Yes, always

-- : no information.

John Wiley & Sons, Ltd

Appendix B -- Food‐borne outbreaks of cryptosporidiosis {#efs25495-sec-1002}
=======================================================

 {#efs25495-sec-0130}

###### 

Documented food‐borne outbreaks of cryptosporidiosis globally, highlighting those in Europe

  Country     Year   Implicated food type                                                                                                                    No. of cases (lab confirmed)                                           Species and *gp60* genotype in cases                                    Age/population affected                                   Strength of evidence for food‐borne transmission and food type       Suspected source of contamination                                                                                                                            Other information                                                                                                                                                                            References
  ----------- ------ --------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------- ----------------------------------------------------------------------- --------------------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------
  UK          2015   Fresh produce: salad leaves in products at a coffee shop chain                                                                          424 confirmed cases from national surveillance data                    *C. parvum* IIdA24G1                                                    Mostly adults; mostly females                             Analytical epidemiology                                              Not known                                                                                                                                                                                                                                                                                                                                                 Public Health England ([2017](#efs25495-bib-0219){ref-type="ref"})
  USA         2014   Milk and dairy products: unpasteurised goat milk                                                                                        11 (6)                                                                 *C. parvum* IIaA16G3R1                                                  Children and adults                                       Descriptive epidemiology                                             Not known                                                                                                                                                    PCR tests on milk samples in a commercial lab considered false positive; importance of validating PCR protocols                                                                              Rosenthal et al. (2014)
  Finland     2012   Fresh produce: Frisee salad                                                                                                             264 (18)                                                               *C. parvum* IIdA17G1                                                    Adults                                                    Descriptive epidemiology; five linked outbreaks at restaurants       Traceback identified vegetable processor and wholesaler in Finland, production in The Netherlands                                                            Authors suggested methods to analyse frozen samples should be developed                                                                                                                      Åberg et al. (2015)
  UK          2012   Fresh produce: bagged ready‐to‐eat salad                                                                                                \> 300 excess confirmed cases from national surveillance data          *C. parvum* IIaA15G2R1                                                  Mostly adults; mostly females                             Analytical epidemiology (case‐control study)                         Not known; difficulties in product traceability                                                                                                                                                                                                                                                                                                           McKerr et al. (2012)
  Sweden      2010   Not known                                                                                                                               16 (2)                                                                 *C. parvum* IIdA20G1e                                                   Adults                                                                                                                         Assumed to be a food handler                                                                                                                                                                                                                                                                                                                              Gherasim et al. (2010)
  Sweden      2010   Fresh produce: salad garnish                                                                                                            89 (10)                                                                *C. parvum* IIdA24G1 (6 cases)                                          Adults                                                    Descriptive epidemiology outbreak investigation                      Not known                                                                                                                                                                                                                                                                                                                                                 Gherasim et al. (2010)
  USA         2009   Most likely fresh produce (lettuce, possibly tomatoes or onions)                                                                        46 (12)                                                                *C. parvum*, IIaA17G2R1 (7 cases)                                       Adults and children at a youth summer camp                Descriptive epidemiology                                             Possibly livestock at the camp farm (calves, goat kids, piglets) contaminated the fresh produce. *C. parvum, gp60* subtype^a^ IIaA17G2R1 from most animals   Common consumption of sandwich bar ingredients                                                                                                                                               Collier et al. (2011)
  Sweden      2008   Fresh produce: Arugula salad                                                                                                            18 (15)                                                                *C. parvum,* four subtypes                                                                                                        Descriptive epidemiology; outbreak investigation                     Unknown                                                                                                                                                                                                                                                                                                                                                   Insulander et al. (2013)
  Finland     2008   Fresh produce: Lettuce mixture                                                                                                          72 (12)                                                                *C. parvum*                                                             Adults                                                    Outbreak investigation                                               Unknown                                                                                                                                                      Packed in Sweden and originating from 5 different European. No oocysts were detected on salad remains                                                                                        Pönka et al. (2009)
  Sweden      2008   Fresh produce: Béarnaise sauce containing freshly chopped parsley                                                                       21 (16)                                                                *C. parvum*                                                             Adults                                                    Outbreak investigation                                               Unknown, but parsley was suspected as source of food contamination rather than a food handler at the premises                                                Bagged parsley imported from Italy and added to sauce shortly before serving (after heating)                                                                                                 Insulander et al. (2008)
  Japan       2006   Meat: Yukke, a Korean‐style beef tartar and/or raw liver                                                                                4 (4)                                                                  *C. parvum* IIa                                                         Adults                                                                                                                         Unknown                                                                                                                                                                                                                                                                                                                                                   Yoshida et al. (2007)
  Germany     2006   Possibly milk and dairy products                                                                                                        Unknown; two outbreaks reported -- but numbers infected not provided    Unknown                                                                 Unknown                                                  Descriptive epidemiology; outbreak investigation                     Unknown                                                                                                                                                      Insufficient information to assess whether these were food‐borne outbreaks                                                                                                                   EFSA and ECDC (2007)
  Denmark     2005   Fresh produce: Salad bar items (particularly whole carrots, grated carrots, red peppers)                                                99 (12)                                                                *C. hominis*                                                            Adults                                                     Outbreak investigation                                              Speculated to be an infected food handler (but not involved in food preparation) contaminated the buffet                                                                                                                                                                                                                                                  Ethelberg et al. (2009)
  USA         2003   Fruit juice: Ozonated apple cider                                                                                                       144 (23)                                                               *C. parvum* IIaA15G2R1 and IIaA17G2R1 identified and 1 *C. ubiquitum*   Adults and children                                       Analytical epidemiology                                              Unknown                                                                                                                                                      *C. parvum* IIaA17G2R1 also found in a jug of cider                                                                                                                                          Blackburn et al. (2006)
  Australia   2001   Milk and dairy: Unpasteurised milk                                                                                                      8 (8)                                                                                                                                          Children                                                  Outbreak investigation                                               Unknown                                                                                                                                                      It is illegal to sell unpasteurised cows milk for human consumption in Queensland. This milk was labelled as unpasteurised pet milk; milk tested Cryptosporidium‐positive by ELISA           Harper et al. (2002)
  USA         1998   Not identified                                                                                                                          152 (25)                                                               *C. hominis* (reported as *C. parvum* genotype 1)                       College students, canteen setting                         Descriptive epidemiology                                             Food handler also had *C. hominis*                                                                                                                                                                                                                                                                                                                        Quiroz et al. (2000)
  USA         1997   Not identified but maybe green onions                                                                                                   54                                                                                                                                             Adults                                                                                                                         Food handler or unwashed green onions                                                                                                                                                                                                                                                                                                                     CDC (1998)
  USA         1996   Fruit juice: Apple cider                                                                                                                31                                                                                                                                             Adults and children                                       Descriptive epidemiology; outbreak investigation community setting   Water from faecally contaminated well that was used for washing apples                                                                                                                                                                                                                                                                                    CDC (1997)
  UK          1995   Milk and dairy: Cow\'s milk                                                                                                             50 (16)                                                                                                                                        School children                                                                                                                                                                                                                                                                             Pasteurisation failure at commercial, on‐farm dairy supplying a local school                                                                                                                 Gelletlie et al. (1997)
  USA         1995   Food handler or fresh produce: Chicken salad including, pasta, hard‐boiled eggs, celery, and grapes in a seasoned mayonnaise dressing   15 (2)                                                                                                                                         Not stated; attendees of a social event                   Descriptive epidemiology                                             Food handler. Food prepared in domestic kitchen of a licenced daycare home                                                                                   Food handler changed a nappy before preparing salad, but reported washing hands                                                                                                              CDC (1996)
  USA         1993   Fruit juice: Apple cider                                                                                                                160 primary cases (50)                                                                                                                         Students and staff attending a school agricultural fair   Descriptive epidemiology; outbreak investigation                     Apples collected from the ground in an orchard grazed by infected calves                                                                                     Oocysts detected in apple cider, on the press, and in calves from the farm                                                                                                                   Millard et al. (1994)
  Russia      1990   Milk and dairy: Kefir (a yoghurt type drink)                                                                                            13+                                                                                                                                            At least 13 infants from nursery and orphanage                                                                                 All children with *Cryptosporidium* had eaten kefir prepared in the same premises                                                                            Although some evidence that food‐borne transmission occurred, person‐to‐person spread may also have been responsible for at least some of the cases. Oocysts were detected in milk filters   Romanova et al. (1992)
  Mexico      1985   Milk and dairy: Unpasteurised cow\'s milk                                                                                               22 (22)                                                                                                                                        High school students and teachers visiting from Canada     Descriptive Epidemiology                                                                                                                                                                                                         Postulated food‐borne outbreak, but other possible transmission routes noted                                                                                                                 Elsser et al. (1986)
  Australia   1983   Milk and dairy: Unpasteurised goat milk                                                                                                 2 (2)                                                                                                                                          Mother and infant                                         Descriptive epidemiology; outbreak investigation                                                                                                                                                                                  Information scanty. Postulated food‐borne outbreak                                                                                                                                           Anonymous (1984)

PCR: polymerase chain reaction.

John Wiley & Sons, Ltd
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Appendix C -- Detection methods for *Cryptosporidium* in food {#efs25495-sec-1003}
=============================================================

 {#efs25495-sec-0132}

###### 

Detection methods for *Cryptosporidium* in food

+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| Type of food                                                                 | Methods and their validation                                                                                                                                                                                                                                                                                                                                   |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
+==============================================================================+================================================================================================================================================================================================================================================================================================================================================================+======================================================================================================================================================================================================================================================================================================================================================================================================================+===========================================================================================================================================================================================+==============+==================================+================+==============+
| **Fresh produce and herbs**                                                  | ISO 18744, 2016 Microbiology of the food chain --- Detection and enumeration of *Cryptosporidium* and *Giardia* in fresh leafy green vegetables and berry fruits. Based on elution from the surface of the leaf or berry, concentration of oocysts from the eluate by immunomagnetic separation (IMS), and enumeration by immune fluorescence microscopy (IFM) | Alternative of ISO according Utaaker et al. ([2015](#efs25495-bib-0277){ref-type="ref"})                                                                                                                                                                                                                                                                                                                             | Oocyst elution and concentration by ISO or Utaaker et al. ([2015](#efs25495-bib-0277){ref-type="ref"}) and detection by PCR (Hohweyer et al., [2016](#efs25495-bib-0129){ref-type="ref"}) |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              | LOD: no data                                                                                                                                                                                                                                                                                                                                                   | Method is using a smaller volume of magnetic beads in the IMS step and buffers made in‐house                                                                                                                                                                                                                                                                                                                         | Using PCR for detection                                                                                                                                                                   |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              | Validated in a ring trial (8 data points/labs):                                                                                                                                                                                                                                                                                                                | LOD: no data                                                                                                                                                                                                                                                                                                                                                                                                         | LOD: 3 oocysts/g basil (30 g seeded with xx oocysts)                                                                                                                                      |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Validated in a ring trial (7 data points/labs):                                                                                                                                                                                                                                                                                                                                                                      | \< 1 oocyst/g raspberries                                                                                                                                                                 |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      | Validation in one laboratory study                                                                                                                                                        |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
|                                                                              | Lettuce                                                                                                                                                                                                                                                                                                                                                        | Raspberries                                                                                                                                                                                                                                                                                                                                                                                                          |                                                                                                                                                                                           | Leafy greens |                                  | Basil          | Raspberries  |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| Mean recovery rate (100 oocysts)                                             | 30.4%                                                                                                                                                                                                                                                                                                                                                          | 44.3%                                                                                                                                                                                                                                                                                                                                                                                                                | Mean Recovery rate (50 oocysts)                                                                                                                                                           | 53.0%        | Mean recovery rate (408 oocysts) | 11.0% (6--23%) | 14% (1--45%) |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| Sensitivity                                                                  | 89.6%                                                                                                                                                                                                                                                                                                                                                          | 95.8%                                                                                                                                                                                                                                                                                                                                                                                                                | Sensitivity                                                                                                                                                                               | 87.5%        |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| Specificity                                                                  | 85.4%                                                                                                                                                                                                                                                                                                                                                          | 83.3%                                                                                                                                                                                                                                                                                                                                                                                                                | Specificity                                                                                                                                                                               | 87.5%        |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| Accordance                                                                   | 82.4%                                                                                                                                                                                                                                                                                                                                                          | 92.1%                                                                                                                                                                                                                                                                                                                                                                                                                | Accordance                                                                                                                                                                                | n/a          |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| Concordance                                                                  | 81%                                                                                                                                                                                                                                                                                                                                                            | 91.8%                                                                                                                                                                                                                                                                                                                                                                                                                | Concordance                                                                                                                                                                               | 80.0%        |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| [Advantages:]{.ul}                                                           | [Advantages:]{.ul}                                                                                                                                                                                                                                                                                                                                             | Performance will depend on DNA extraction and PCR efficiency and specificity                                                                                                                                                                                                                                                                                                                                         |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| Quantitative                                                                 | Significantly cheaper method than ISO                                                                                                                                                                                                                                                                                                                          | [Advantages:]{.ul}                                                                                                                                                                                                                                                                                                                                                                                                   |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| Microscopy slides amenable to onward testing by PCR for species and genotype | [Disadvantages:]{.ul}                                                                                                                                                                                                                                                                                                                                          | High throughput detection                                                                                                                                                                                                                                                                                                                                                                                            |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| [Disadvantages:]{.ul}                                                        | As for ISO, apart from cost                                                                                                                                                                                                                                                                                                                                    | Potential for species identification                                                                                                                                                                                                                                                                                                                                                                                 |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| Expensive                                                                    |                                                                                                                                                                                                                                                                                                                                                                | [Disadvantages:]{.ul}                                                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| Time consuming                                                               |                                                                                                                                                                                                                                                                                                                                                                | Not quantitative                                                                                                                                                                                                                                                                                                                                                                                                     |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| Species non‐infective for humans will be counted                             |                                                                                                                                                                                                                                                                                                                                                                | Sample preparation remains time consuming                                                                                                                                                                                                                                                                                                                                                                            |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| Further processing is needed for molecular characterisation                  |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| Recovery of oocysts from sample matrix can be low                            |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
| No viability or infectivity assessment is possible                           |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| **Fruit and Vegetable juice**                                                | No                                                                                                                                                                                                                                                                                                                                                             | IMS‐IFM Orange juice LOD 5--50 oocysts/10 mL (Frazar and Orlandi, [2007](#efs25495-bib-0092){ref-type="ref"})                                                                                                                                                                                                                                                                                                        | Microfiltration‐PCR LOD 10/250 mL apple juice (Minarovičová et al., [2010](#efs25495-bib-0191){ref-type="ref"})                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | IMS‐IFM Apple juice LOD 5--50/10 mL (Frazar and Orlandi, [2007](#efs25495-bib-0092){ref-type="ref"})                                                                                                                                                                                                                                                                                                                 |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | IMS‐IFM Apple juice LOD 10/100 mL (Deng and Cliver, [2000](#efs25495-bib-0054){ref-type="ref"})                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | IMS‐PCR LOD Apple juice 30/100 mL (Deng and Cliver, [2000](#efs25495-bib-0054){ref-type="ref"})                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | No ring trials                                                                                                                                                                                                                                                                                                                                                                                                       |                                                                                                                                                                                           |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| **Dairy: Milk**                                                              | No                                                                                                                                                                                                                                                                                                                                                             | IMS‐PCR LOD Homogenised milk 10/100 mL (Deng and Cliver, [2000](#efs25495-bib-0054){ref-type="ref"})                                                                                                                                                                                                                                                                                                                 | Microfiltration‐single‐tube nested real‐time PCR LOD 10/100 mL milk (Minarovičová et al., 2011)                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | IMS‐PCR Raw and pasteurised whole milk 10/50 mL (Di Pinto et al., 2002)                                                                                                                                                                                                                                                                                                                                              |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | IMS‐nPCR whole milk 5--50/10 mL (Frazar and Orlandi, [2007](#efs25495-bib-0092){ref-type="ref"})                                                                                                                                                                                                                                                                                                                     |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Centrifugation‐PCR raw milk 1--10/20 mL (Laberge et al., [1996](#efs25495-bib-0158){ref-type="ref"})                                                                                                                                                                                                                                                                                                                 |                                                                                                                                                                                           |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| **Dairy: Fermented products**                                                | No                                                                                                                                                                                                                                                                                                                                                             | No data                                                                                                                                                                                                                                                                                                                                                                                                              |                                                                                                                                                                                           |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| **Cheese**                                                                   | No                                                                                                                                                                                                                                                                                                                                                             | No data                                                                                                                                                                                                                                                                                                                                                                                                              |                                                                                                                                                                                           |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| **Molluscan shellfish**                                                      | No                                                                                                                                                                                                                                                                                                                                                             | Sieved, pooled tissue homogenates (a method most commonly used), processed by IMS and detection by IFM or PCR                                                                                                                                                                                                                                                                                                        | Pepsin digestion of 3 g pooled homogenate using IFM for detection (Robertson and Gjerde, 2007)                                                                                            |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | LOD: no data                                                                                                                                                                                                                                                                                                                                                                                                         | LOD: no data                                                                                                                                                                              |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Validation: no ring trials                                                                                                                                                                                                                                                                                                                                                                                           | Validation: no ring trials                                                                                                                                                                |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Data from systematic study (MacRae et al., [2005](#efs25495-bib-0173){ref-type="ref"}): known numbers of oocysts seeded into a 20‐L tank of seawater and circulated for 20 min to disperse before either 10 mussels, 2 oysters or 2 scallops were placed in the tank for 4 h at 5°C                                                                                                                                  | Data from developing laboratory: 68--79% of 179 oocysts (horse mussel and oyster homogenates)                                                                                             |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Shellfish removed and tissue homogenates (30 s in a Waring blender) were pooled for each sample and processed (5 tests per sample, aggregate 0.5‐mL tissue) by centrifugation, IMS and IFM                                                                                                                                                                                                                           | This method has been used by the developing laboratory and there is one published report of a sample survey that has used it (Aguirre et al., [2016](#efs25495-bib-0002){ref-type="ref"}) |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Recovery rates were:                                                                                                                                                                                                                                                                                                                                                                                                 |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Mussels: 34% of 20,000, 12% of 2,000, 20% of 200 oocysts spiked into the tank                                                                                                                                                                                                                                                                                                                                        |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Oyster 69.5% of 20,000, 60.5% of 2,000, 48% of 200 oocysts spiked into the tank                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Scallop 32.5% of 20,000, 30% of 2,000, 65% of 200 oocysts spiked into the tank                                                                                                                                                                                                                                                                                                                                       |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Gómez‐Couso et al. ([2006](#efs25495-bib-0111){ref-type="ref"}) compared IFM and PCR detection, using 10% of spiked mollusc sediments containing 0, 10, 50, 100, 500 and 1,000 *C. parvum* oocysts. Average numbers of oocysts detected in three replicates by IFM were 0, 0.7, 3.6, 6.7, 37.6 and 77.2, respectively; the average percentage of recovery was approximately 70.0% and did not differ by spiking dose |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | DNA was extracted and 10 amplification reactions were performed for each spiking dose. The theoretical numbers of oocysts present in the volume used in the PCR technique were 0, 1, 2, 4 and 40 oocysts. PCR positive results diminished as spiking dose decreased, ranging from 90% for 40 oocysts to 10% for 1 oocyst                                                                                             |                                                                                                                                                                                           |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+
| **Meat**                                                                     | No                                                                                                                                                                                                                                                                                                                                                             | Surface elution centrifugation, IMS, IFM (Robertson and Huang, [2012](#efs25495-bib-0228){ref-type="ref"})                                                                                                                                                                                                                                                                                                           |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | LOD, not stated                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Validation: No ring trials                                                                                                                                                                                                                                                                                                                                                                                           |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                |                                                                                                                                                                                                                                                                                                                                                                                                                      |                                                                                                                                                                                           |              |                                  |                |              |
|                                                                              |                                                                                                                                                                                                                                                                                                                                                                | Recovery rates for \~ 100 oocysts were 63.5% (CI 54.6--70.2)                                                                                                                                                                                                                                                                                                                                                         |                                                                                                                                                                                           |              |                                  |                |              |
+------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------+----------------------------------+----------------+--------------+

ISO: International Organization for Standardization; LOD: limit of detection; PCR: polymerase chain reaction.

Sensitivity (=true positive rate): the ability of a test to correctly identify positive samples (spiked or contaminated samples).

Specificity (=true negative rate): the ability of a test to correctly identify negative samples (non‐inoculated samples)

Accordance or repeatability: Accordance is the percentage (ratio) that two identical test materials analyzed by the same laboratory under standard repeatability conditions will both be given the same result (i.e. both found positive or both found negative) (Langton et al., 2002).

Concordance or reproducibility: Concordance is the percentage (ratio) that two identical test materials sent to different laboratories will both be given the same result (i.e. both found positive or both found negative result) (Langton et al., 2002).
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###### 

Occurrence of *Cryptosporidium* in food

<table><thead><tr class="header"><th>Food type</th><th>Source</th><th>Country</th><th>Year</th><th>Sampling frame</th><th>Method used</th><th>Number % contaminated samples</th><th>Enumeration</th><th>Comments</th><th>Reference</th></tr></thead><tbody><tr class="odd"><td><strong>Fresh Produce and Herbs</strong></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td></tr><tr class="even"><td>Ready to eat packaged mixed salads</td><td>Retailers</td><td>Italy</td><td></td><td>Prospective sample survey</td><td>Elution, centrifugation, immunofluorescence microscopy (IFM) and semi‐nested PCR COWP gene</td><td>6 pools, 0.96% (95% CI 0.35–2.08)</td><td>Not done</td><td>Pooling took into account predicted low prevalence but may have diluted oocysts below LOD</td><td>Caradonna et al. (<a href="#efs25495-bib-0026" data-ref-type="ref">2017</a>)</td></tr><tr class="odd"><td>Cabbages, leeks, lettuce, spring onions, celery, cauliflower, broccoli, spinach, Brussels sprouts, raspberries, strawberries</td><td>Locally grown, sampled at market</td><td>Poland</td><td></td><td>Prospective sample survey</td><td>Elution, centrifugation, IMS, IFM</td><td>12/163 (7.4%) overall 6/128 (4.7%) leek /celery/cabbage; one leek sample, one celery sample, four cabbage samples 0/35 berries</td><td>4–17 oocysts/30 g</td><td><p><em>Cryptosporidium</em>‐positive samples came from districts with the highest number of cattle herds</p><p>Oocyst recovery data from ColorSeed 4–47%</p></td><td>Rzeżutka et al. (<a href="#efs25495-bib-0238" data-ref-type="ref">2010</a>)</td></tr><tr class="even"><td>Chinese cabbage, Lollo rosso and romaine lettuce</td><td>Grower</td><td>Spain</td><td></td><td>Prospective sample survey</td><td>Elution, centrifugation, IMS, IFM</td><td><p>2/6 (33.3%) Chinese cabbage</p><p>3/4 (75%) Lollo rosso lettuce</p><p>7/9 (77.8%) Romaine lettuce</p></td><td>2–15 oocysts/50 g</td><td><p>Irrigation water at the same site was contaminated with faeces</p><p>Oocyst recovery data from ColorSeed 24.5 ± 3.5%</p></td><td>Amoros et al. (<a href="#efs25495-bib-0008" data-ref-type="ref">2010</a>)</td></tr><tr class="odd"><td>Alfalfa/mung bean/radish sprouts, dill, lettuce (diverse varieties), mushrooms, parsley, precut salad mixes, raspberries, strawberries</td><td>Commercial distributors of imported and locally produced produce</td><td>Norway</td><td></td><td>Prospective sample survey</td><td>Elution, concentration, IMS, IFM</td><td><p>19/475 (4%)</p><p>Lettuce 4%</p><p>Mung bean sprouts 9%</p><p><em>Cryptosporidium</em> oocysts not detected in other samples</p></td><td>1–6/100 g</td><td><p>Recovery of oocysts from sprouted seeds is impaired by sample‐related factors</p><p>Oocyst recovery data from EasySeed 42% (average)</p></td><td>Robertson and Gjerde (<a href="#efs25495-bib-0226" data-ref-type="ref">2001</a>)</td></tr><tr class="even"><td>Alfalfa, mung bean, radish sprouts and sprout mix</td><td>Retail shops</td><td>Norway</td><td></td><td>Prospective sample survey</td><td>Elution, concentration, IMS, IFM</td><td>14/171 (8%)</td><td>2–6/100 g</td><td>Oocyst recovery data from EasySeed 25–35%</td><td>Robertson et al. (<a href="#efs25495-bib-0229" data-ref-type="ref">2002</a>)</td></tr><tr class="odd"><td><strong>Fruit and Vegetable Juice</strong> (<strong>No European Data With Sufficiently Well‐Described Methods)</strong></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td></tr><tr class="even"><td>Raw and fermented apple juice</td><td>During processing</td><td>Canada</td><td></td><td>Prospective sample survey</td><td>Sucrose gradient‐Laberge PCR</td><td><p>Raw: 6/113 (5%)</p><p>Fermented: 2/113 (2%)</p></td><td>N/A</td><td></td><td>Garcia et al. (<a href="#efs25495-bib-0097" data-ref-type="ref">2006</a>)</td></tr><tr class="odd"><td><strong>Milk and Dairy Products (No European Data With Sufficiently Well‐Described Methods)</strong></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td></tr><tr class="even"><td>Raw cows’ milk</td><td>Point of sale</td><td>Australia, Queensland</td><td></td><td>Reactive sampling of suspected vehicle in a community outbreak</td><td>Centrifugation, IMS, IFM and ELISA</td><td>Oocysts not detected by IFM but positive ELISA reactions in milk;</td><td></td><td>Unpasteurised cow's milk sold as ‘unpasteurised pet milk’ unsatisfactory bacterial counts</td><td>Cowell et al. (2002)</td></tr><tr class="odd"><td>Raw goats’ milk</td><td>Producer, retail or household</td><td>Idaho, USA</td><td></td><td>Reactive sampling of suspected vehicle in a community outbreak</td><td>Preparation method not stated, PCR</td><td>False positive PCR; oocysts not detected by IFM</td><td></td><td>Sequencing revealed amplicons were from goat DNA</td><td>Rosenthal et al. (2015)</td></tr><tr class="even"><td>Fermented products:</td><td>Kefir prepared in a nursery kitchen</td><td>Russia</td><td></td><td>Reactive sampling of suspected vehicle in an outbreak at a hospital nursery and local community</td><td>To be confirmed</td><td>Oocysts detected on milk filters in dairy</td><td></td><td></td><td>Romanova et al. (1992)</td></tr><tr class="odd"><td><strong>Bivalve Molluscs</strong></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td></tr><tr class="even"><td>Mussels</td><td>Mediterranean mussels (<em>Mytilus galloprovincialis</em>)</td><td>Italy</td><td>May–December 2012</td><td>Prospective sample survey: markets in Foggia, South Eastern Italy</td><td>Samples comprised pools from 15 mussels: gills and digestive glands homogenised and pooled. Haemolymph sucrose gradient flotation DNA extraction freeze‐thaw, spin column (Nucleospin, Machery‐Nagel); gp60 conventional PCR</td><td>34/60 (56.7%)</td><td>No data</td><td>Varied by season: &gt; twice as many positives in May–Sept compared with Oct–Dec <em>C. parvum gp60</em> subtypes detected: IIaA15G2R1, IIa15G2 and IIaA14G3R1 Most positives were in haemolymph</td><td>Giangaspero et al. (2014)</td></tr><tr class="odd"><td>Clams and mussels</td><td>Clams (<em>Ruditapes decussatus</em>) and Mediterranean mussels (<em>Mytilus galloprovincialis</em>)</td><td>Italy</td><td>February 2006–January 2007</td><td>Prospective sample survey: Varano Lagoon, Apulia region, southern Italy Class A water</td><td>60 shellfish sampled per month (total 1,385; 665 clams and 720 mussels tested in 2 pools of haemolymph from 30 shellfish. Prepared by sucrose flotation and tested by IF microscopy and DNA extraction by QIAampDNAMini Kit and semi‐nested COWP PCR</td><td>0/47 pools of haemolymph</td><td>0</td><td>Oocysts not detected in shellfish, although the parasite was detected in lagoon waters</td><td>Giangaspero et al. (2009)</td></tr><tr class="even"><td>Mussels</td><td>Blue mussels (<em>Mytilus edulis</em>)</td><td>Norway</td><td>February–July 2007</td><td>Commercial harvesting sites, Norwegian coast</td><td>1.36–3 g homogenate of pooled flesh from several shellfish, pepsin digestion, IMS, IFM</td><td>6/14 (43%) blue mussels 0/12 horse mussels 0/13 oysters</td><td>1 or 2 oocysts in each of the positive samples</td><td>Pepsin digestion method, which showed highest recoveries, used in this study</td><td>Robertson and Gjerde (<a href="#efs25495-bib-0227" data-ref-type="ref">2008</a>)</td></tr><tr class="odd"><td>Clams</td><td><em>Ruditapes philippinarum</em> clams</td><td>Italy</td><td>January–December 2004</td><td>Prospective sample survey/surveillance: north‐eastern Italian Adriatic coast, three clam farms 2,160 specimens (180 clams per month) were from 36 pools (i.e. one pool of 60 clams per month per site)</td><td>Pooled hemolymph, sucrose floatation, freeze‐thaw, Quantum Prep AquaPure Genomic DNA Kit (Bio‐Rad Laboratories), semi‐nested COWP PCR</td><td>7/36 (19.4%) pools <em>C. parvum</em> and <em>C. hominis</em> detected</td><td>No data</td><td></td><td>Molini et al. (2007)</td></tr><tr class="even"><td>Oysters</td><td>Pacific cupped oyster (<em>Crassostrea gigas</em>)</td><td>The Netherlands (the Oosterschelde)</td><td></td><td>Prospective sample survey</td><td>6 per site Gill washings and digestive tract homogenates sieved, IFM</td><td>9/179 (5%) oysters</td><td>No data</td><td></td><td>Schets et al. (<a href="#efs25495-bib-0246" data-ref-type="ref">2007</a>)</td></tr><tr class="odd"><td>Mussels</td><td>Duck mussel (<em>Anodonta anatine</em>) Painter's mussel (<em>Unio pictorum</em>) Asian clam (<em>Corbicula fluminea</em>)</td><td>Portugal</td><td>May 2003 to June 2005</td><td>Prospective sample survey Guadiana river hydrographic basin in south‐east Portugal 55 samples in 16 areas, 24 <em>U. pictorium</em>, 19 <em>C. fluminea</em>, 12 <em>A. anatina</em></td><td>Pooled gills and the gastrointestinal tracts 3–15 bivalves of each species pooled Homogenised, sucrose flotation, IFM. For DNA preparation, Proteinase k digestion and Qiagen extraction nested 18s PCR of 47 samples</td><td>6/16 sampling areas positive 18/55 (33.3%) samples by IFM7/24 (29%) <em>U. pictorum</em> samples, 4/12 (33%) <em>A. anatina</em> samples, 7/19 (37%) <em>C. fluminea</em> samples. PCR was negative</td><td>1–8 oocysts</td><td></td><td>Melo et al. (2006)</td></tr><tr class="even"><td>Mussels</td><td>Cultured mussels (<em>Mytilus edulis</em>)</td><td>France</td><td>1999</td><td>Prospective sample survey/surveillance: north‐western coastal area of Normandy Collected seasonally during 1 year from three sites</td><td>Pools made of preps from each mussel: (a) inner‐shell water extract; (b) gill washing; (c) gill homogenate; (d) flesh washing; (e) flesh homogenate. Filtered, sucrose flotation and gradients. 10 mL to IMS and then IFM. From 1 site in January, 1 mL to DNA extraction by Tris/SDS/EDTA and phenol chloroform, 18s PCR (Guyot et al., 2001)</td><td>Flesh homogenates showed all sites IFM positive on each sampling occasion</td><td><p>Estimated numbers of oocysts/mussel ranged from 0.05 to 0.90</p><p>Oocyst numbers in gill washings were &gt; gill homogenate. In contrast, oocyst numbers in flesh homogenate were &gt; flesh washings</p></td><td>One sample infected a mouse. <em>C. parvum</em> detected in mussels</td><td>Li et al. (<a href="#efs25495-bib-0163" data-ref-type="ref">2006</a>)</td></tr><tr class="odd"><td>Mussels</td><td>Mussels (<em>Mytilus galloprovincialis</em>)</td><td>Galician coast, Spain</td><td>Jan–June 2004</td><td>Prospective sample survey/surveillance: four Galician estuaries, known collectively as Rı′as Baixas, on the Atlantic coast of north‐western Spain Harvested from floating rafts, no depuration Each sample consisted of the pooled gills and gastrointestinal tracts from six to eight mussels</td><td>Test method as per Gomez‐Couso et al. (2003): homogenised, sieved, diethyl ether concentrated by centrifugation and IFM for detection. Genotyping by Bead‐beating, boom, nested COWP PCR</td><td><em>Cryptosporidium</em> was detected in 13 (27.7%) of the 47 samples of mussels from category A water and in 41 (29.9%) of the 137 samples of mussels from category B water</td><td>25–275 oocysts per sample of 6–8 mussels</td><td><em>C. parvum</em> was detected. Although the percentage of positive samples increased as the bacteriological quality decreased, there was no significant association between <em>Cryptosporidium</em> detection and bacteriological quality</td><td>Gómez‐Couso et al. (2006b)</td></tr><tr class="even"><td>Mussels</td><td>Mussels (<em>Mytilus galloprovincialis</em>)</td><td>Galician coast, Spain</td><td>Not stated</td><td><p>Prospective sample survey: 222 non‐depurated cultured</p><p>mussels</p></td><td>Pools of gills and gastrointestinal tracts from 6 to 8 mussels, homogenised, sieved, diethyl ether concentration, IFM and guanidinium thiocyanate‐bead beating DNA extraction and nested COWP PCR‐RFLP</td><td>69 (31.1%) of 222 samples were positive, of which 41 by IFM only, 15 by PCR only, and 13 by both assays</td><td>Only provided for the IFM and PCR positive samples: 6 to 300 oocysts</td><td>IFA detected more positives (if true) but not statistically significant</td><td>Gómez‐Couso et al. (2006a)</td></tr><tr class="odd"><td>Clams</td><td>Clams (<em>Chamelea gallina</em>)</td><td>Italy</td><td>March–July 2003</td><td>Prospective sample survey: 960 specimens Adriatic coast (Abruzzo region)</td><td>Tissues pooled, homogenised, sieved, sedimentation by overnight settlement and IFM were performed on pools of 30 clams (n = 32) of samples. Haemolymph also tested by IFM. Genotyping IFM‐positive samples by salt float, freeze‐thaw, enzyme digestion, DNeasy Kit, Qiagen and COWP PCR</td><td>23/32 pools</td><td>Concentrations ranging from 8 to 45 oocysts/g in the tissue and from 18 to 200 oocysts/mL in the haemolymph</td><td>2/23 pools <em>C. parvum</em></td><td>Giangaspero et al. (2005)</td></tr><tr class="even"><td>Mussels, clams, oysters and cockles</td><td>Mussels (<em>Mytilus galloprovincialis</em>), clams (<em>Ruditapes decussatus, Ruditapes philippinarum</em>,<em>Venerupis pulastra, Dosinia exoleta</em>), oysters (<em>Ostrea edulis</em>) and cockles (<em>Cerastoderma edule</em>)</td><td>Spain</td><td></td><td>Cultured shellfish in Galicia</td><td>Pooled gills and intestinal tracts of 6 to 12 molluscs homogenised, filtered, PBS centrifugation and ethyl acetate concentration. IFM detection. DNA extraction by Boom and PVP and multiplex nested COWP PCR‐RFLP (Amar et al., 2003)</td><td>28/49 (56%) molluscan shellfish specimens (18 clam, 22 mussel and 9 oyster) samples 56% by immunofluorescence microscopy, and in 44% by ABC‐PCR</td><td>No data</td><td>A significant association, but not total agreement, between IFM and PCR results. In 26 <em>Cryptosporidium</em> IFM‐positive samples, <em>C. hominis</em> was detected in 1, <em>C. parvum</em> in 22, and the remaining three samples contained either sequences similar to <em>C. parvum</em> genotype 2 or heterogeneous mixtures of <em>Cryptosporidium</em> species. There was no significant association between <em>Escherichia coli</em> levels and the presence of <em>Cryptosporidium</em> by PCR</td><td>Gómez‐Couso et al. (<a href="#efs25495-bib-0108" data-ref-type="ref">2004</a>)</td></tr><tr class="odd"><td>Mussels, clams, oysters and cockles</td><td>Mussels (<em>Mytilus galloprovincialis</em>), clams (<em>Ruditapes decussatus, Ruditapes philippinarum</em>,<em>Venerupis pulastra</em>,<em>Dosinia exoleta</em>), oysters (<em>Ostrea edulis</em>) and cockles (<em>Cerastoderma edule</em>)</td><td>Spain mostly, and other EU countries</td><td>October 2000–September 2001</td><td>Prospective sample survey: 241 samples from different parts of the Galician coast (30 from Italy, 5 from the United Kingdom, 2 from Ireland and 1 from Portugal)</td><td>Pooled gills and intestinal tracts of 7 molluscs homogenised, sieved, ethyl ether concentration and IFM and PI</td><td>83/241 (34.4%) of all samples</td><td>No data</td><td>Use of PI showed 53% positives viable No relation between species of shellfish, month of sampling or MPN for faecal coliforms Depuration process was ineffective in totally removing oocyst contamination or significantly reducing viability</td><td>Gómez‐Couso et al. (2003)</td></tr><tr class="even"><td>Mussels</td><td>Mussel <em>Mytilus edulis</em></td><td>UK, Northern Ireland</td><td>July and August 1999</td><td>Prospective sample survey: Marine mussels harvested for human consumption</td><td>Individual mussels homogenised, IMS‐PCR (TRAP‐C2 RFLP and seq) and IFM DNA extraction by Proeinase K digest, freeze‐thaw and High Pure PCR Template Preparation Kit (Boehringer Mannheim</td><td>0/16 by IFM, 2/16 (12.5%) by PCR</td><td>0/no data</td><td><em>C. hominis</em> detected (reported as <em>C. parvum</em> genotype 1)</td><td>Lowery et al. (2001)</td></tr><tr class="odd"><td>Mussels and cockles</td><td><p>Mediterranean mussel (<em>Mytilus galloprovincialis</em>)</p><p>Common cockle (<em>Cerastoderma edule</em>)</p></td><td>Spain</td><td>February 1999</td><td>Prospective study: 9 sites Gallician coast</td><td>Up to 25 molluscs in tank and entire water changed and sampled at 24 h intervals, processed by centrifugation; after 72 h, whole tissue homogenised IFM or IMS‐IFM, also mouse infectivity. PCR after lysis buffer, glass bead beating, silica, wash buffer, acetone, COWP PCR‐RFLP Direct testing: 172 cultured mussels, 8 wild mussels, 6 cockles</td><td>Tissue homogenates and water after 72 h negative. Tank water positive Direct testing used to estimate oocyst loads</td><td>An approximation of the parasite load of shellfish collected in El Burgo indicates that each shellfish transported about 5 x 103 oocysts</td><td>Oocyst detections in aquaria declined from 24 h after collection and were not detected at 72 h. Viable oocysts of <em>C. parvum</em> were confirmed by mouse infectivity and PCR. Oocysts taken up by mussels are released within 48 h</td><td>Gómez‐Bautista et al. (2000)</td></tr><tr class="even"><td></td><td>Wild harvested Common mussel (<em>Mytilus edulis</em>)</td><td>Ireland</td><td>May–August 1996</td><td>Prospective study: in Sligo west coast of Ireland. Pools of 10</td><td>Whole tissue homogenised (100 mL), IFM</td><td>3/26 (11.5%)</td><td>No data</td><td></td><td>Chalmers et al. (1997)</td></tr><tr class="odd"><td><strong>Meat</strong></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td><td></td></tr><tr class="even"><td>Processed meat</td><td>Cured meats</td><td>Sweden</td><td></td><td>Prospective study / risk assessment</td><td></td><td>None confirmed, one possible oocyst</td><td></td><td></td><td>Robertson and Huang (<a href="#efs25495-bib-0228" data-ref-type="ref">2012</a>)</td></tr><tr class="odd"><td>Fresh meat</td><td>Beef carcases at slaughter</td><td>Ireland</td><td></td><td>Prospective study</td><td>Matched samples</td><td>0/288 matched carcases</td><td></td><td></td><td>Moriarty et al. (2005)</td></tr></tbody></table>

PCR: polymerase chain reaction; IMS: immunomagnetic separation.
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Appendix E -- Attributing the burden of food‐borne disease to specific foods, food groups or reservoirs {#efs25495-sec-1005}
=======================================================================================================

E.1.. Introduction {#efs25495-sec-0136}
------------------

To identify and prioritise food safety intervention strategies to prevent and reduce the burden of diseases in a population, knowledge on the most important sources of the causative food‐borne hazards is needed. Several source attribution methods are available, including approaches based on analysis of data from occurrence of hazards in foods and humans, epidemiological studies, intervention studies, and expert knowledge elicitations (Table [E.1](#efs25495-tbl-0017){ref-type="table"}). All methods present both advantages and limitations, and their utility and applicability depends on the public health questions being addressed and on characteristics and distribution of the hazard. For instance, epidemiological studies may be useful for source attribution of disease by parasites such as *Cryptosporidium* that lead mostly to acute disease and thus enable an association of exposure to specific contaminated foods with the onset of symptoms; on the contrary, they are usually insufficient to attribute disease by parasites such as *Echinococcus* that is typically chronic and symptoms appear a long time after exposure. Additionally, methods have different data requirements and attribute human illness at either the point of production (reservoir) or of exposure to the food, and therefore their utility will vary depending on the hazard and/or the country or region in question (Pires, 2013).

E.2.. Overview of source attribution methods {#efs25495-sec-0137}
--------------------------------------------

Approaches to source attribution can be grouped broadly into four categories: epidemiological studies, subtyping, comparative risk assessment, and expert knowledge elicitation (Pires et al., 2009; Batz et al., 2005).

**Epidemiological studies** comprise case--control studies of sporadic cases and analyses of data from outbreak investigations. Case--controls studies are useful to identify sources and risk factors for a disease, as well as the fraction of human cases that can be attributable to these (by estimating population attributable fractions (PAF)). Although if case--control studies are not often conducted and are insufficient to extrapolate source attribution estimates at national level, a meta‐analysis of several case--control studies (i.e. combining studies conducted in several countries) can be used to estimate the number of illnesses attributable to each exposure at the regional and global levels. In contrast, food‐borne outbreak data are widely available from most world regions. Outbreak investigations are often able to identify the contaminated source or ingredient that caused infections, and an analysis of these data can show the relative contribution of the most important sources of disease. These analyses can be done at national, regional, and global levels and, if the limitations of assuming that outbreak data are representative of all cases in the population (i.e. also of sporadic cases of disease), outbreak attribution analyses are useful evidence for source prioritisation.

**Subtyping approaches** for source attribution compare the occurrence of food‐borne hazards in humans versus animals, food and/or environmental sources. These data are ideally available from surveillance or monitoring programmes in a country, but may also be obtained through, e.g., targeted projects or literature review. The subtyping approach was designed to attribute human cases to the reservoir level, i.e. the closest possible to the origin of the pathogen, and gives no information on the relative contribution of different exposure routes to humans.

**Comparative risk assessment** combines information on the occurrence of the food‐borne hazards in animals, food and/or environmental sources, with dose--response functions modelling the probability of infection (or illness, death) in function of the ingested dose. The comparative risk assessment approach may estimate the relative importance of different routes of exposure, including several routes from the same reservoir. The approach is, however, more data intensive, which may lead to large uncertainties.

**Expert knowledge elicitation** may be used to fill data gaps, and to combine the data from different studies and scientific approaches into a single estimate, or as an alternative source attribution method when remaining methods are not applicable or useful to address a public health question (Andreoletti et al., 2008). The source attribution approach by expert knowledge elicitations can be used to estimate the proportion of illnesses that are attributed to food‐borne, environmental, contact with animals, or human‐to‐human transmission pathways (Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}). There are numerous methods used for expert knowledge elicitation, and these different methods may be more or less appropriate depending on the hazard; some methods (e.g., the Delphi method) are based upon iteration and finding consensus among a small group of experts, whereas other methods are based on large panel surveys. Expert judgements are subjective by nature and may be biased by the specific background and scientific expertise of the respondents, and several methods to evaluate an individual expert\'s performance have been described. Structured expert knowledge elicitations define criteria for the selection of experts, and include protocols for the experts' inquires and statistical analysis of obtained answers.

Source attribution can take place at different points along the food chain (points of attribution), including at the origin of the pathogen, i.e. the *point of reservoir*, such as the animal production stage, or at the *point of exposure*, such as the food consumption stage. The different source attribution methods attribute disease at different points, and will depend on the availability of data and on the risk management question being addressed (Table [E.1](#efs25495-tbl-0017){ref-type="table"}).

E.3.. Attribution to main types of transmission {#efs25495-sec-0138}
-----------------------------------------------

The first step in the source attribution process is to estimate the overall proportion of the burden of disease that can be attributed to the four main transmission routes, i.e., food‐borne, environmental, direct contact with animals or person‐to‐person. For most food‐borne hazards, data‐driven methods, based, for example, on surveillance and monitoring data, would require an exhaustive review and inclusion of all potential sources and pathways within these main routes, and consequently are not the most appropriate tool for this initial step when applied individually. A combination of epidemiological methods could provide a more adequate picture of the relative importance of the types of transmission, namely a combination of an analysis of outbreak data and of studies of sporadic cases. For hazards that are transmitted through a limited number of routes (e.g., *Brucella* spp.), the application of one epidemiological approach for source attribution may be sufficient. Alternatively, two methods are currently available to attribute disease to these main routes: expert knowledge elicitations and intervention studies.

Attribution of food‐borne disease to food and other transmission routes could be undertaken for individual food‐borne hazards or for syndromic groups, e.g., diarrhoeal disease. In both cases, expert knowledge elicitations can be conducted at a country or regional level, whereas interventions are optimally designed as small scale population‐based studies. Additionally, the latter are expensive and difficult to apply.

The Food‐borne Disease Burden Epidemiology Reference Group (FERG) has undertaken a large‐scale expert elicitation to attribute disease by 19 food‐borne hazards to main transmission groups at a global, regional, and subregional level (Hald et al., [2016](#efs25495-bib-0119){ref-type="ref"}). The study applied structured expert judgement using Cooke\'s Classical Model (Cooke, 1991) to obtain estimates for the relative contributions of different transmission pathways for 11 diarrheal diseases, seven other infectious diseases, and one chemical (lead). Experts were selected based on their experience, including international working experience, and included in 10 global panels or 9 subregional panels. This study presented the first worldwide estimates of the proportion of specific diseases attributable to food and other major transmission routes. Other expert elicitations have been conducted to deliver similar estimates but at a national level, specifically in the Netherlands and in Canada (Havelaar et al., [2008](#efs25495-bib-0122){ref-type="ref"}; Davidson et al., [2011](#efs25495-bib-0049){ref-type="ref"}; Lake et al., 2010; Vally et al., 2014). Similar country‐specific initiatives will be useful to improve estimates and reduce uncertainties.

In general, determining the relative importance of different transmission pathways in causing human illness, generally known as source attribution, can take place at different points along the food chain and can be based on different approaches. Source attribution at the point of reservoir represents attribution at the original source of the hazard, whereas source attribution at the point of exposure represents attribution at the final stage of the transmission pathway, such as the food consumption stage. Subtyping approaches, typically based on molecular genotyping, may permit identification of the most important reservoirs of the hazard, while epidemiological approaches based on case--control studies of sporadic cases or outbreak analyses allow identifying specific exposure pathways. Comparative exposure assessment and expert knowledge elicitations, allow source attribution both at the point of reservoir and the point of exposure (Table [E.1](#efs25495-tbl-0017){ref-type="table"}). Expert opinion may be used to fill gaps when scientific or epidemiologic data are lacking, sparse, or highly uncertain (Batz et al., 2005), or to combine and weigh data from the different approaches for which no analytical methods currently exist (EFSA BIOHAZ Panel, 2008).

###### 

Definition of source attribution approaches

+------------------------------+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------+
| Source attribution approach  | Definition                                                                                                                                                                                                               | Application level  |
+==============================+==========================================================================================================================================================================================================================+====================+
| Epidemiological studies      | Case--control studies of sporadic cases and analyses of data from outbreak investigations                                                                                                                                | Point of exposure  |
+------------------------------+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------+
| Subtyping                    | Probabilistic comparison of the relative occurrence of specific subtypes/strains of the pathogen in animal reservoirs and human cases; ideally based on a collection of representative isolates from all (major) sources | Point of reservoir |
+------------------------------+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------+
| Comparative risk assessment  | Bottom‐up modelling of the number of human illnesses resulting from different routes of exposure, including several routes from the same reservoir                                                                       | Point of reservoir |
|                              |                                                                                                                                                                                                                          |                    |
|                              |                                                                                                                                                                                                                          | Point of exposure  |
+------------------------------+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------+
| Expert knowledge elicitation | Use of expert judgements as an alternative source of information when data‐driven methods are not applicable                                                                                                             | Point of reservoir |
|                              |                                                                                                                                                                                                                          |                    |
|                              |                                                                                                                                                                                                                          | Point of exposure  |
+------------------------------+--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------+--------------------+
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E.4.. Attribution to specific foods and exposure routes {#efs25495-sec-0139}
-------------------------------------------------------

Attribution of human illness to specific sources requires categorisation of the sources. Harmonisation of the categorisation scheme is necessary to compare and integrate the results from various data sources, models, approaches, or hazards. Such a system should be hierarchical, to accommodate different levels of detail required for different purposes. A hierarchical approach allows for several subcategories to be specified within one category (e.g., poultry can be subdivided into layers (eggs), chickens, ducks, and turkeys), and the source attribution study may consider either a category or subcategories, depending on the purpose or data availability. Additionally, other subcategories may be included in the main one, even if not specified (e.g., poultry could also include other poultry types like geese and pigeons). Ideally, the food categorisation scheme should be in alignment with food consumption data and be internationally standardised. FERG adopted a scheme for the categorisation of the food sources, adapted from Painter et al. ([2009](#efs25495-bib-0208){ref-type="ref"}) (Figure [E.1](#efs25495-fig-0007){ref-type="fig"}).

![Categorisation scheme of food commodities](EFS2-16-e05495-g007){#efs25495-fig-0007}

The type of reservoir of the hazard will influence the applicability of some source attribution methods, particularly the subtyping approach. This approach applies to hazards with one or more animal reservoirs, to which disease can be traced back and where the hazard can potentially be controlled. All other approaches are, in principle, applicable regardless of the origin of the hazard, since they focus on routes of transmission or the point of exposure.

There may also be differences in the utility of methods for regional or national level. In general, epidemiological approaches, specifically analysis of outbreak data and systematic review and meta‐analysis of case control studies of sporadic infections, are useful for source attribution at a regional level when data are not available at country‐level.
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###### 

Strengths and limitations of source attribution methods (adapted from Pires et al., 2014)

  SA approach                                                 Strengths                                                                                                                                                                                                                                                                                                                                            Limitations
  ----------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Epidemiological studies**                                                                                                                                                                                                                                                                                                                                                                                      
  ***Case--control studies (including systematic review)***   Able to identify variety of risk factors, including exposure routes, predisposing, behavioural or seasonal factorsA systematic review of published studies can be useful for regional analysis and may detect temporal and geographical variationsCan identify a wide range of known and unknown risk factors                                        Misclassification due to immunity may reduce attributable risk or suggest protectionMost studies only explain a small fraction of all cases--Cases may reflect a mixture of possible sources of exposure--Misclassification due to recall bias may lead to an underestimation of the attribution proportion
  ***Analysis of data from outbreaks***                       Documentation that a hazard was transmitted to humans via a specific food item can be availableData may capture the effect of contamination at multiple points from the farm‐to‐consumption chainWide variety of foods represented, including uncommon foodsMost readily available information for source attribution in some countries or regions   Quality of evidence variesLarge outbreaks, outbreaks associated with point sources, outbreaks with short incubation periods, or more severe symptoms are more likely to be investigatedInvestigated cases may not be representative of all food‐borne illnessesCertain pathogens and foods are more likely to be associated with reported outbreaks, which can lead to an overestimation of the attribution proportion
  **Subtyping**                                               Identifies the most important reservoirs of the hazard, and therefore: a) is useful to prioritise interventions at production level; b) reduces uncertainty due to cross‐contamination or spread to accidental sources                                                                                                                               Limited to hazards heterogeneously distributed among the reservoirsNo information on transmission pathways from reservoirs to humansData intensive, requiring a collection of representative isolates from all (major) sources
  **Comparative Risk Assessment**                             Accounts for different transmission routes from the same reservoirEasily updated                                                                                                                                                                                                                                                                     Often limited by lack of data, resulting in large uncertainties
  **Expert knowledge elicitations**                           Allows for attribution to main transmission routesUseful tool when data is lackingMay be the only available method for source attribution                                                                                                                                                                                                            Conclusions are based on the individual expert\'s judgement, which may be misinformed or biased
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Appendix F -- Detection methods for *Toxoplasma gondii* in food {#efs25495-sec-1006}
===============================================================

Cat bioassay {#efs25495-sec-0141}
------------

To perform a cat bioassay, cats without previous exposure of *T. gondii* must be used and usually obtained by demonstrating the absence of antibodies using a serological assay (often modified agglutination test). The cats are then fed with up to 500 g of the meat or tissue to be tested for the presence of *T. gondii* tissue cysts. Subsequently, the cats' faeces are tested for the presence of *T. gondii* oocysts (microscopy, PCR or bioassay in mice) for up to 3 weeks after exposure and serum samples tested for the presence of *T. gondii* ‐specific antibodies 3 weeks or longer post‐exposure. For further confirmation of infection, *T. gondii* can be demonstrated in cat tissues (e.g., PCR or mouse bioassay) (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}).

Cat bioassay demonstrates oral infectivity and viability of tissue cysts (bradyzoites) through production of oocysts in the faeces of the cat and seroconversion, and enables testing of large portions of meat. Cats may become infected following ingestion of all stages of *T. gondii* (tachyzoite, bradyzoite, or oocyst), although the time to oocyst shedding and the frequency of shedding is related to the parasite stage used to initiate the infection. Less than 50% of cats shed oocysts after ingesting tachyzoites or oocysts, whereas nearly 100% of cats shed oocysts after ingesting tissues cysts. Cats are very sensitive to infection with bradyzoites, and infection could be achieved using only one bradyzoite (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}). Isolated oocysts can be used for strain isolation and genotyping. Cat bioassays can be ethically undesirable and costly.

Mouse bioassay {#efs25495-sec-0142}
--------------

Depending on the preference and type of sample, homogenates or artificially digested meat tissues are inoculated (usually intraperitoneally or subcutaneously) into mice (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}). For digestion, either acid‐pepsin solution or trypsin is used, and differences in survival of bradyzoites and tachyzoites in these solutions have been suggested (Dubey, [1998](#efs25495-bib-0063){ref-type="ref"}). Usually, 50--200 g of tissue is digested and a fraction of the pellet is inoculated into mice. Normally, between two and five mice per sample are used. Mice may also be infected orally with oocysts of *T. gondii*. Different mouse strains are used and immunosuppressive drugs may be administered to increase sensitivity. The mice are monitored clinically and, when mice die or need to be euthanised, or at the end of the experiment, samples (e.g. brain, peritoneal fluid) are examined for the presence of *T. gondii* by microscopy or PCR. Usually the mice are also tested for *T. gondii*‐specific antibodies.

Mouse bioassay demonstrates the infectivity of *T. gondii*, but does not necessarily provide an indication of oral infectivity. In particular, survival of trypsin digestion by tachyzoites, which are assumed to be less infective after oral ingestion, is a point of discussion. Mouse bioassays can also be used for strain isolation. Mouse bioassays are usually less costly than cat bioassays, but are also undesirable for ethical reasons. The size of the sample that can be investigated is smaller than that used for cat bioassay, particularly as only a fraction of the digest is inoculated.

Detection of DNA using PCR methods {#efs25495-sec-0143}
----------------------------------

Several different targets are available for PCR‐based detection of *T. gondii,* the B1 gene and the 529‐bp repeat element are the most common targets (Su and Dubey, [2009](#efs25495-bib-0064){ref-type="ref"}). Various systems (conventional, nested, semi‐nested, and real‐time PCR) have been described. In general, all these methods can detect low concentrations of *T. gondii* DNA and the methods perform well on spiked samples or in cases of disseminated toxoplasmosis. However, tissue cysts are sparse and commercial DNA isolation methods are usually designed for 25 mg of samples; the chance of detecting *T. gondii* in such a small sample is low. For that reason, the main factor limiting the sensitivity of PCR‐based detection of tissue cysts is the DNA isolation method. To enable testing of large samples, and thereby increase the sensitivity of detection, methods based on artificial digestion, homogenisation and isolation over Percoll gradients and sequence‐based magnetic capture have been described.

Detection of *T. gondii* DNA does not necessarily provide an indication of oral infectivity, as non‐viable parasites or tachyzoites, which appear to be less infective after oral ingestion, can also be detected. Development of molecular methods for determining viability is ongoing for various pathogens, however such approaches to assessment of the viability of *T. gondii* bradyzoites in meat have not been published to date.

Detection of DNA using LAMP {#efs25495-sec-0144}
---------------------------

In addition to PCR, loop‐mediated isothermal amplification (LAMP)‐based DNA detection methods have been described (Zhang et al., 2009; Lin et al., 2012; Liu et al. 2015) as a highly sensitive alternative to PCR. An adaptation of the LAMP technique to include a lateral flow dipstick chromatographic detection system to speed up visualisation of results has been applied to detect oocysts in fresh produce (Lalle et al., [2018](#efs25495-bib-0159){ref-type="ref"}). On spiked samples, performance of these methods is often comparable to PCR. Amplification products from LAMP cannot be sequenced and the method has the same drawbacks as PCR regarding sample size and viability.

*In vitro* isolation {#efs25495-sec-0145}
--------------------

*T. gondii* tachyzoites can be cultivated in a wide range of cell lines. *In vitro* cultivation is commonly used to maintain or multiply parasites, e.g. for antigen preparation (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}). After several passages in cell culture or mice, strains may lose their ability to form tissue cysts or oocysts (non‐cystogenic strains such as RH and S48) (O\'Connell et al., 1988).

Diagnostic usage of tissue culture‐based methods is limited and mainly described for fluid samples in which tachyzoites can be expected (e.g., liquor, peritoneal exudate, amniotic fluid). Meat homogenates or sediments from artificial digestion have been tested with variable success rates (Warnekulasuriya et al., 1998).

A tissue culture‐based assay was described for milk samples from a range of livestock species where 10% of caprine (n = 180); 7% of ovine (n = 185) and 4% of bovine (n = 200) milk samples were found to be positive using a tissue culture‐based assay with vero cells (Dehkordi et al., [2013](#efs25495-bib-0051){ref-type="ref"}).

Microscopy {#efs25495-sec-0146}
----------

*T. gondii* tachyzoites (approximately 2 by 6 μm crescent‐shaped organisms) or tissue cysts (an intracellular cluster of bradyzoites of up to 100 μm contained by a tissue cyst wall) cannot be detected by macroscopic inspection of meat, but can be identified by microscopy (Hall and Dubey, 2002). Although parasites are visible using non‐specific stains such as Giemsa or haemotoxylin and eosin, the use of specific stains with enzymes (IHC) or fluorescent‐conjugated antibodies will help differentiation from other apicomplexan parasites or structures, and increases sensitivity. Cross‐reactivity of conjugated antibody, especially polyclonal antisera, may reduce the specificity and should be determined. Microscopy is labour‐intensive and requires an experienced technician. The main disadvantage is the size of the sample that can be examined. The use of microscopy directly on meat samples is limited, but it is often used secondarily to demonstrate infection in bioassay mice (tachyzoites in peritoneal fluid in acute infections or tissue cysts in brain in chronic infections) (Dubey, [2010](#efs25495-bib-0065){ref-type="ref"}).

In summary, *T. gondii* cat bioassay, mouse bioassay or a PCR‐based method that allows processing of large samples (e.g. by processing many replicates or by performing DNA isolation after artificial digestion or using sequence‐based magnetic capture) are recommended. Cat and mouse bioassays demonstrate the infectivity of detected parasites, whereas PCR does not. To limit the use of mice or cats, a first screening with PCR or indirect assays can be applied and positive samples could be selected for bioassay. This strategy is useful only when there is a good correlation between indirect and direct detection. Development of sensitive viability assays that do not require animal testing would be preferable.
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Appendix G -- Detection methods for *Echinococcus* spp. in food {#efs25495-sec-1007}
===============================================================

Federer et al. ([2016](#efs25495-bib-0087){ref-type="ref"}) {#efs25495-sec-0148}
-----------------------------------------------------------

The total mass of vegetables (around 50 kg) and fruits (around 10 kg) represented one sample. Each sample was washed using tap water. First, all fruits and vegetables were checked, dirty spots were removed and the fruits and vegetables were submerged as a whole and washed in a sink filled with tap water for around 1 min;Heads of lettuce were cut in two to facilitate subsequent rinsing of the internal leaves;Vegetables were then placed in a large meshed plastic‐container and thoroughly rinsed with a dish sprinkler;All the washwater (a volume of 240 L collected in smaller containers of 60 L) was collected and sieved through filters with different mesh sizes. For this purpose, a tube system (diameter of 16 cm) with two filters (aperture sizes: 50 μm and 21 μm) was built;Debris bigger than 21 μm was retained in the smallest filter. Subsequently, the filter was turned upside down and washed again with tap water and placed inside two 1.5‐L bottles. Finally, the sediment was concentrated through a series of centrifugation steps and collected in a flat tube of 10 mL volume to allow examination for the presence of eggs using an inverted microscope.

Molecular analysis: DNA of each sample was extracted according to Štefanic′ et al. (2004). A multiplex PCR for the discrimination of *E. granulosus* and *E. multilocularis* from other cestodes was used (Trachsel et al., [2007](#efs25495-bib-0274){ref-type="ref"}).

Lass et al. ([2015](#efs25495-bib-0511){ref-type="ref"}) {#efs25495-sec-0149}
--------------------------------------------------------

This method is based on a strategy developed for the detection of *Echinococcus multilocularis* in soil by the same group (Szostakowska, [2014](#efs25495-bib-0512){ref-type="ref"}).

One sample consisted of 0.3--0.5 kg of fruits (raspberries, cranberries, blueberries, cowberries) or mushrooms, 0.5 kg of vegetables (carrot, parsley, beets, celery, radishes), or one lettuce or two bunches of dill or chives.

For the concentration of the eggs, a flotation method using saturated ZnCl~2~ solution was used. The following steps were applied: One sample of fruit, vegetables, or mushrooms was placed in a glass vessel, mixed slightly with 2 L 0.05% Tween 80 solution;Shaken for 30 min at 120 rpm;Washing solution transferred to another vessel;0.5 L of 0.05% Tween 80 solution added to first vessel (step 1);Washings mixed (from steps 3 and 4) and left overnight at 4°C;The next day, supernatant removed using an automatic pipette filler;Sediment (approximately 100 mL) filtered through a set of sieves (pore size of last sieve 50 μm), and the retained sediment placed in a 200‐mL conical tube and centrifuged for 15 min at 200×g;Supernatant removed, and the pellet placed in a 50‐mL Falcon tube and frozen at −70°C;Thawed pellet suspended in 30 mL of saturated ZnCl~2~ solution, mixed thoroughly, and centrifuged for 3 min at 200×g;20 mL of saturated ZnCl~2~ solution is added and centrifuged for 3 min at 200×g;Each tube is placed in a holder and topped up carefully with saturated ZnCl~2~ solution;The surface of the liquid is covered with a cover glass slide for 15 min;Finally, the slide is washed with distilled water, and the material retrieved into a 2.0‐mL Eppendorf tube.To concentrate the content, tube centrifuged for 1 min at 200×g, and any excess water is removed carefully. Finally, the suspension obtained frozen at −20°C for further analysis.

Molecular analysis:

DNA extracted using a commercial kit (Sherlock AX Kit (A&A Biotechnology, Gdynia, Poland) and samples treated with an Anti‐inhibitor Kit (A&A Biotechnology, Gdynia, Poland).

Nested PCR targeting the mitochondrial 12S ribosomal RNA (rRNA) gene:

First PCR using the primers p60 forward primer (5′‐TTAAGATATATGTGGTACAGGATTAGATACCC‐3′) and p375 reverse primer (5′‐AACCGAGGGTGACGGGCGGTGTGTACC‐3′) (von Nickisch‐Rosenegk et al. 1999). Second PCR using primers *E. multilocularis*. Nest/forward primer (5′‐GTGAGTGATTCTTGTTAGGGGAAGA‐3′) and *E. multilocularis* nest/reverse primer. DNA isolated from adult *E. multilocularis* was used as a positive control and distilled water as a negative control.
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EUR A: Andorra, Austria, Belgium, Croatia, Cyprus, the Czech Republic, Denmark, Finland, France, Germany, Greece, Iceland, Ireland, Israel, Italy, Luxembourg, Malta, Monaco, the Netherlands, Norway, Portugal, San Marino, Slovenia, Spain, Sweden, Switzerland, the United Kingdom.

EUR B: Albania, Armenia, Azerbaijan, Bosnia and Herzegovina, Bulgaria, Georgia, Kyrgyzstan, Montenegro, Poland, Romania, Serbia, Slovakia, Tajikistan, The Former Yugoslav Republic of Macedonia, Turkey, Turkmenistan, Uzbekistan.

EUR C: Belarus, Estonia, Hungary, Kazakhstan, Latvia, Lithuania, Republic of Moldova, Russian Federation, Ukraine.
